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Chapter 1
Motivation
During the last two decades ultrashort laser pulses have become an irreplaceable
tool in industry, medicine and basic research. By means of nonlinear frequency
conversion, their emission covers a broad range of available wavelengths from the
deep vacuum ultraviolet below 200 nm [1] into the terahertz region at wavelengths
up to 1000 µm [2]. Each of the laser parameters has been driven to the extreme, be
it the pulse duration short than 2 cycles of the electric field [3], stability (e.g., carrier
envelope phase- [4] or frequency stability [5]), peak power [6] or repetition rate [7].
The main part of the pulsed laser sources are seeded by mode-locked oscillators. The
latter rely on either the nonlinear Kerr effect or an optical element, e.g., a saturable
absorber (SA), to initiate and maintain pulsed operation.
Commonly semiconductor saturable absorber mirrors (SESAMs, [8]) are used to
mode-lock different laser types. Despite their proven suitability for mode-locking,
they need to be specifically designed, and their applicability is limited to the de-
signed wavelength range. Their production requires sophisticated processes, and an
additional post-processing is essential to obtain applicable relaxation times. Due
to their layout, SESAMS are commonly incorporated at one end of a linear laser
cavity, with a fixed beam spot size on the absorber defined by resonator geometry.
Single-walled carbon nanotubes (SWCNTs) and graphene are carbon nanosys-
tems which display an ultrafast third order susceptibility, classifying them as poten-
tial candidates for mode-locking. Fiber lasers represent the first laser types success-
fully mode-locked using SAs based on carbon nanostructures [9, 10]. The samples
may introduce non-saturable losses exceeding 15 %, which are, however, tolerated
by fiber lasers [11].
Such high losses are intolerable for operation of bulk solid state lasers, in partic-
ular for quasi three-level lasers, e.g., lasers exploiting the Yb3+ laser active ion, the
unrivaled laser dopant for high-power ultrashort pulse generation around 1.0 µm.
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Hence, the question arose whether tailoring carbon nanostructure SAs for opera-
tion in bulk lasers is possible, and whether those novel mode-lockers are a match to
SESAMs. In first place, mimicking SESAMs was not the main goal, but exploiting
similar physical processes, and intrinsic differences between carbon nanostructure
SAs and SESAMs, to obtain the best mode-locking performance possible.
In this thesis, the physical processes underling mode-locking with carbon nanosys-
tems, in particular nanotubes and graphene, are studied in a wide range of operation
conditions of solid-state lasers.
The saturable absorbers based on SWCNTs and graphene are compared to each
other in the context of operation in one wavelength region, considering their specific
parameters. Furthermore, SWCNT and graphene-SAs feature a spectrally broad-
band applicability which is discussed as well.
After this motivation, the thesis introduces the carbon nanostructures under
study with focus on their optical properties. In the third chapter, the ultrafast re-
laxation, as well as saturation processes of SWCNT and graphene SAs are discussed,
and the assessment of their parameters is outlined. This chapter finally touches on
similarities to SESAMS. Chapter 4 is dedicated to the generation of ultrashort laser
pulses, the processes involved, their mathematical description and possible obstacles
of laser operation. In chapter 5 the experimental results are presented, including
the absorber characterization and some of the first applications of carbon nanos-
tructures in mode-locked bulk lasers. The chapter is split into results obtained with
SWCNT-SAs and graphene-SAs. The discussion of the laser results completes the
chapter, and chapter 6 finally concludes this work listing its highlights.
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Chapter 2
Carbon nanostructures
Carbon research experienced several boosts by the discovery of unique carbon based
structures. The so-called bucky balls are spherical compounds composed of at least
20 carbon atoms with C60 being their most popular representative. Since their
discovery in 1985 [12] they have inspired almost 22 000 publications in this field1.
C60 fullerene research was honored with the Nobel prize in chemistry, awarded to
Sir Harold Walter Kroto, Robert Curl and Richard Smalley in 1996. Another key
step in carbon research was the discovery of SWCNTs in 1993 by Ijiima et al. [13].
Graphene, under study since 1947 [14–16], is the most recently synthesized car-
bon structure. It is closely related to the former two and the groundbreaking research
on this unique material was honored with the Nobel prize in physics 2010 to Andre
Geim and Konstantin Novoselov.
SWCNTs and graphene show saturable absorption suitable for mode-locking,
i.e., they are a potential replacement for ultrafast SESAMs. While SESAMs de-
mand challenging and expensive fabrication processes like metal organic chemical
vapor deposition, metal organic phase vapor epitaxy, or molecular beam epitaxy,
fabrication of SWCNT and graphene SAs is simple in comparison.
Graphene’s intrinsic broadband absorption is applicable over a wide wavelength
range from the ultraviolet (UV) into the far infrared spectral region [17–20]. The
absorption band of SWCNTs is controllable by varying the tube diameter defined by
their chirality. SWCNT-SAs may be modified to be applicable over a broad range
of wavelengths as well, boosting their versatility.
This chapter introduces carbon nanostructures and focuses on graphene and
SWCNTs. Starting from the band structure, different effects altering the absorption
features are introduced and compared to optical transmission measurements.
1 According to the search via www.sciencedirect.com
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2.1 Classification and description
Nanostructures may be classified according to their dimensionality. In the case
of carbon-based nanostructures it is possible to distinguish 0D quantum dots and
fullerenes, 1D quantum wires and nanotubes, the 2D graphene, and finally 3D stacks
of graphene known as graphite. In this work the 1D and 2D structures graphene
and SWCNTs as well as their suitability for mode-locking are studied in detail.
Graphene is a 2D monolayer of carbon atoms arranged in a benzene-ring struc-
ture (honeycomb structure), wherein each carbon atom is bound to its three neigh-
bouring carbon atoms by a σ-bond formed by the combination of px and py orbitals
mixing into the sp2 hybrid orbital. The remaining pz orbitals are oriented out of
plane, hybridizing to the pi-band and the pi∗-band. The latter are the reason for
most of graphene’s electric properties.
Graphene is said to be a semi-metal, because it was demonstrated that charge
carriers in graphene mimic massless Dirac fermions [21, 22] with Fermi velocities on
the order of those found in metals (≈ 106 m·s−1). Graphene monolayer extraction
from graphite, was first shown by Novoselov et al. in 2004 [23, 24] and this carbon
allotrope may be regarded as source material for all other carbon nanostructures as
illustrated in figure 2.1 [25].
Figure 2.1: Theoretical construction of fullerenes, SWCNTs, and graphite (bottom, from
left to right) from graphene (top), which may be understood as a basis structure for the
three carbon nanostructures. Figure from [25]
SWCNTs may be understood as a rolled up sheet of graphene. This picture is
actually only a helpful visualization, as, e.g., during SWCNT growth by CVD using
a catalyst, SWCNTs grow directly as a tube from the catalyst [26] without graphene
as key precursor. In this work, the term ’nanotube’ refers solely to the single-walled
representatives of carbon nanotubes with a diameter of several nanometers and a
length of some µm.
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2.2 Graphene
2.2.1 Bandstructure and Density of States
Graphene behaves like a zero-gap semiconductor, and the electronic structure of
a perfect single layer of graphene can be calculated by the tight binding model
resulting in the 2D energy dispersion [27]
E±g2D(k) =
2p ± tω(k)
1∓ sω(k) . (2.1)
Here, s describes the overlap of the electronic wave functions, t is the nearest neigh-
bor hopping integral, and 2p the site energy of the 2p orbital. E
+ and E− correspond
to the pi∗ and pi energy bands, respectively. Figure 2.3 shows the energy dispersion
relation of graphene and the high symmetry points in k-space. The function
ω(k) =
√
1 + 4 cos
√
3kxa
2
cos
kya
2
+ 4 cos2
kya
2
(2.2)
is used, and t = 3.013 eV, s = 0.129 and 2p = 0 are assumed for calculating the
electronic structure of graphene as a function of the 2D wave vector k =
(
kx
ky
)
.
The conduction and the valence band touch each other at the six K- and K′-points
in the reciprocal lattice of k-space. Close to the K and K′-points E±g2D(k) can be
approximated linearly and is represented by two opposing cones [18, 27]
E(k) ≈ ±3tka
2
. (2.3)
Here a is the carbon-to-carbon distance of 1.42 A˚. This approximation is valid for
low energies of E< 3 eV [27]. This linear behavior has been predicted [14, 28] and
proven experimentally [22, 23]. Considering that the Fermi velocity is given by [29]
vF =
√
3ta
2~
, (2.4)
it is possible to express the energy dispersion in graphene by
E(k) ≈ ±3tka
2
= ± 1√
3
~vFk . (2.5)
This conical band structure demonstrates the character of charge carriers in graphene
to behave like massless Dirac fermions traveling at a constant speed independent
on their energy. The Fermi velocity in graphene is vF ≈ 106 m/s [29, 30] and the
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metallic character of graphene originates from the fact that its Fermi velocity is on
the same order of magnitude as in metals.
Graphene’s energy dispersion, approximated by equation (2.3), is used to calcu-
late its density of states (DOS; states per graphene unit cell), which reads
g(E) =
4
3
√
3pi
1
t2
E . (2.6)
Equation (2.6) shows a linear dependence on the energy, i.e., the number of electronic
states increases linearly with energy, whereas approaching the K- and K’-points, the
number of available states converges to zero.
2.2.2 Linear transmission
At energies below 3 eV, graphene shows an almost uniform broadband absorption.
In reference [18] the absorption is deduced from the real part of the frequency-
dependent optical conductivity σ(ω) and for a free standing graphene sheet under
normal incidence in between two media, the transmission is given by [18]
T =
√
2
1
4(10)
2∣∣(√12 + 1)0 +√1σ(ω)/c∣∣2 , (2.7)
with the electric permittivities 10 and 20 describing the surrounding media and
the speed of light c. Equation (2.7) can be further simplified if vacuum is assumed
and the frequency dependence of the optical conductivity σ(ω) is neglected, i.e.,
σ(ω) ≈ σ0 = pie22h = e
2
4~ . Thus, the transmission is given by
T =
1∣∣1 + pi · α + pi2
4
· α2∣∣ = 1(1 + pi
2
· α)2 ≈ 1− piα , (2.8)
using the fine structure constant α = e
2
20ch
= e
2
40c~pi ≈ 137−1 and a power series
expansion of piα/2 around 0. In figure 2.2 the calculated transmission according
to equation (2.7) and the approximated transmission of equation (2.8) are plotted
versus wavelength. The nearest neighbor hopping integral was set to t = 3.1 eV and
the chemical potential to µ = 0.1 eV or µ = 0.2 eV , respectively.
The comparison of the measured transmission of the single-layer graphene sam-
ple already shows a good agreement with the approximation. Within the wave-
length range of interest between 1 and 2.1 µm, marked by the vertical gray lines
and indicated by the double-headed arrow, the deviation of the transmission from
calculations [equations (2.7) and (2.8)] is less than 0.3%.
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Figure 2.2: The calculated transmission of graphene according to equation 2.7 (blue
and dashed orange) for two chemical potentials and the approximated transmission in
accordance with equation 2.8(red), the green curve represents the measured transmission
of the single-layer graphene sample and the gray lines and the arrow indicate the wavelength
range of interest (1-2.1 µm).
The curve shape of the measured transmission is only approximately described
by the model of equation (2.7) taking a chemical potential µ 6= 0 eV into account.
In the following a physical model is introduced that improves the agreement of
measurement and theory.
The Fano resonance of graphene
The optical conductivity of graphene shows a van Hove singularity (vHs) [31] due
to the saddle point of the energy dispersion (cf. figure 2.3). This vHs is applicable
for describing the transmission of graphene below 500 nm [32, 33], as it is located
at UV wavelengths of about 250 nm [34, 35], being additionally redshifted [19, 36]
due to the generation of excitons. These excitons display a binding energy of 400
- 600 meV, by which the energy of the direct interband transition calculated in the
single particle picture is decreased [36, 37].
At graphene’s saddle point M, the excitonic resonance couples with a continuum
of states, which is formed by the band from the M to the K-Point. Figure 2.3
illustrates this continuum (red line) and the excitonic resonance (initial and final
energy indicated by the red dots). Compared to the energy dispersion in the single
particle picture, which is represented by the surface plot, the excitonic resonance is
located at lower energies.
The coupling of a discrete state to a continuum of states is known as Fano
resonance, which is characterized by an asymmetric line shape [38, 39]. This Fano
model may be applied to graphene’s measured absorption line in the UV, and the
11
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Figure 2.3: Calculated energy dispersion relation for graphene for a single particle in
the tight binding approach. The K and K’-points (magenta), the saddle point M (yellow)
and the Γ point (black) are the high symmetry points in k-space. The red line illustrates
the band forming the continuum that couples with the excitonic resonance (red dots). The
transition energy Er between the latter is approximately 400 - 600 meV smaller than the
transition energy in the single-particle picture (i.e., the points are 200-300 meV below and
above the conduction and valence band, respectively).
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fit excellently matches the measured data from the UV into the near-infrared (NIR)
spectral region. The absorption is modeled by [37]
AFano(E) = C
(
1 +
q2 − 1
1 + s2
+
2qs
1 + s2
)
= C
(s+ q)2
1 + s2
, with s = 2
E − Er
γ
. (2.9)
The terms in equation (2.9) represent the constant continuum of states associated
with the Dirac cones, the Lorentzian resonance of the vHs in the UV, and the
coupling of the former two. The parameters are a scaling parameter C, the Fano
parameter q, as well as the energy Er and the width γ of the Lorentzian resonance.
Figure 2.4 shows the linear transmission of a graphene sample and the Fano fit to
the data, which gives a very good agreement with the resonance and even describes
graphene’s transmission up to wavelengths of 2500 nm. The corresponding fitting
parameters are C = 0.3121, Er = 4.9069 eV, γ = 2.4978 eV and a Fano parameter
of q = −5.3997.
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Figure 2.4: Two separate transmission measurements of graphene in the UV-VIS (yellow-
dotted) and VIS-NIR (green-dotted). Using equation (2.9) an excellent fit (red curve) is
obtained, describing the UV behavior as well as the linear increase in the NIR.
2.2.3 Layer number and optical quality
For the assessment of graphene’s number of layers and its quality, Raman spec-
troscopy is the tool of choice. In Raman spectra of graphene the most striking
features are the G and 2D band. The G-band, located at a Raman shift of about
1600 cm−1 stems from the doubly degenerate phonon mode at the Brillouin zone
center. This mode is composed of the in-plane longitudinal and transversal optical
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2.2 Graphene Carbon nanostructures
phonon branches, and may be understood as vibrations of graphene’s sublattices A
and B against each other [40].
If two in-plane optical phonons are involved in the Raman scattering, the 2D
band is detected. The D band occurs if an in-plane optical phonon and a defect
are involved in the Raman scattering and its height is a measure of the number of
defects in the graphene sample [41]. Even for a vanishing D-line peak the 2D-line
peak is present, but its shape and bandwidth change with the graphene layer number
[42, 43]. The ratio of the integrated G-line peak and the 2D-line peak is about 0.2
for a single layer of graphene [42].
Figure 2.5 shows the Raman spectrum of a graphene sample under study. The
absence of the D-line peak indicates high sample quality (low defect density) and
the shape of the 2D-line peak as well as the G to 2D ratio corroborate the presence
of single layer graphene. The homogeneity of the sample is assessed by measurement
of the peak ratio across the sample (inset).
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Figure 2.5: Raman spectrum of the graphene-SA applied in this work. The G and 2D-
line peaks are present, whereas the latter is the overtone of the D-line peak around 1350
cm−1, whose absence indicates a negligible number of defects in the sample [42]. The ratio
of the G and 2D-line peaks I(G)I(2D) indicates single layer coverage [42, 43] with a very good
homogeneity (inset). Figure from reference [44].
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2.3 Single-walled carbon nanotubes
2.3.1 Bandstructure and Density of States
Figure 2.6(a) shows a graphene sheet, its unit vectors a1 and a2, the translation
and chiral vectors T and Ch and an example of an (n,m)=(4,2) chiral vector. The
chiral vector comprises the roll-up direction and the circumference of the nanotube,
thus defining the structure of the nanotube completely, whereas T and Ch span a
rectangle representing the nanotube unit cell of the 1D lattice.
a1
a2
T
Ch
(n,0)
(n,n)
(12,0)              (6,6)                (6,4)
(a)                                                                          (b)
Figure 2.6: (a) A schematic of a 2D graphene sheet and definitions of the lattice vectors
showing the construction of a (n,m)=(4,2) nanotube. The limiting chiral case of a zigzag
nanotube (n, 0) and armchair nanotube (n, n) are indicated by the dashed lines. (b) Struc-
ture of the three types of SWCNTs, showing a zigzag (12,0), armchair (6,6) and chiral
(6,4) nanotube (from left to right). Figure from [45].
There are basically the three types of nanotubes and those rolled up along the
chiral vector with (0,m) or (n, 0) are called zigzag nanotubes, SWCNTs rolled up
along (n,n) are called armchair nanotubes and all other nanotubes are chiral nan-
otubes [figure 2.6(b)].
A nanotube with n−m = 3q and q ∈ N0 is metallic, whereas all nanotubes with
q /∈ N0 are semiconducting. Concerning metallic nanotubes, only armchair (n, n)
nanotubes are truly always metallic, as nanotubes fulfilling n −m = 3l and l ∈ N
have a tiny band-gap due to effects of the tube curvature [26, 45, 46]. The electronic
structure of SWCNTs is derived starting from the electronic properties of graphene.
The energy dispersion relations of a (n,m) SWCNT read [27]
E±ζ (k) = E
±
g2D(k)
(
k
K2
|K2| + ζK1
)
, (2.10)
with
(− pi
T
< k < pi
T
and ζ = 1, · · · , N). In equation (2.10) the band structure of
graphene [see equation (2.1)] is used. T =
√
3pidt/dR represents the magnitude of
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the translational vector T, N = 2(n2 + m2 + nm)/dR is the number of hexagons
within the SWCNT unit cell and dt = a
√
n2 +m2 + nm/pi the nanotube diameter.
The wave vector k is oriented along the nanotube axis.
The vectors K1 and K2 represent discrete unit wave vectors in k-space along
the circumferential direction and along the nanotube axis, respectively [27]. This
boundary condition results in N discrete k vectors and 2N energy dispersion curves
according to equation (2.10). Those curves are obtained by cutting the energy
dispersion surface of graphene (figure 2.3) along the lines defined by K1 and K2 and
are shown in figure 2.7(a) for a (13,0) nanotube.
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Figure 2.7: (a) The calculated energy dispersions according to eqn. (2.10) for a (13,0)
- nanotube with a diameter on the order of 1 nm. Color coding is used to distinguish the
subbands in the valence and conduction band with different index ζ. (b) The calculated
density of states for an individual free-standing (13,0) - nanotube. The arrows indicate
the first three interband transitions Eii for i = 1 · · · 3. As this nanotube species is semi-
conducting, it features a band gap of about 0.8 eV with a zero density of states between the
corresponding vHs’. The latter are due to the 1D nature of single-walled carbon nanotubes.
Density of states
From the 2N energy dispersions shown in figure 2.7(a), the DOS for carbon nan-
otubes is computable. The DOS corresponds to the number of available electronic
states per energy interval ∆N/∆E and its shape depends strongly on the dimension-
ality of the structure under study. For carbon nanotubes a general expression for
the DOS reads [26]:
D(E) =
T
2piN
∑
±
N∑
ζ=1
∫
1∣∣∣dE±ı (k)dk ∣∣∣δ(E±ζ (k)− E)dE (2.11)
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The term (|dE±ı (k)/dk|)−1 introduces van Hove singularities (vHs’) [31] for a flat pro-
gression of the energy dispersions. Equation (2.11) can be expressed as [47, 48]
D(E) =
a
√
3
pi2Rt
∑
±
N∑
ζ=1
|E|√
E2 − 2ζ
, (2.12)
whereas R = 1/2 ·dt denotes the nanotube radius and ζ the energy difference of the
vHs and the Fermi level. With the relation ζ = Eζ/2, for the first semiconducting
and metallic transitions one obtains [27]
ESζ=1 = 2(at/dt) and (2.13)
EMζ=1 = 6(at/dt) . (2.14)
Here Eζ represents the energy of the bandgap of the transition between the vHs of
the valence and the corresponding vHs of the conduction band with index ζ and the
superscript denotes whether the transition is metallic or semiconducting.
Those vHs’ are characteristic for quantum wires and dominate the DOS of 1D
structures [26, 49–54]. In figure 2.7(b), the numerical calculation of the DOS for a
(13,0) nanotube is shown. As such a nanotube is semiconducting, the DOS shows
a bandgap with a zero DOS between the vHs’ of the E11-transition. This transition
yields a bandgap of E11 ≈ 0.82 eV, corresponding to a transition wavelength of
≈ 1.5 µm, whereas longer wavelengths wont be absorbed by this SWCNT. Further
transitions Epp, p = 2, 3, ... are also present between the corresponding vHs’ in the
conduction and valence band [figure 2.7(b)].Using equations (2.13) and (2.14), the
so-called Kataura plot is obtained, in which the bandgaps of SWCNTs are plotted
as a function of the SWCNT diameter [55]. The plot is reproduced in figure 2.8 and
allows to state that
(1) By selecting nanotubes of a defined chirality (defining the diameter), it is possi-
ble to precisely tailor the desired absorption and combination of absorption features,
and
(2) A sample containing nanotubes of a certain diameter distribution yields a dis-
tribution of bandgap energies and consequently smeared out absorption peaks.
Please note that figure 2.8 does not include the trigonal warping effect splitting
the transition energies into two peaks [27].
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Figure 2.8: Calculated bandgap energies of the electronic E11 and E22 transitions of
individual free-standing SWCNTs vs. nanotube diameter. The plot is reproduced according
to equations 2.13 and 2.14, respectively. Semiconducting nanotubes are plotted in yellow
and metallic in green. The squares denote the corresponding E11 transition, circles the
E22 transition.
2.3.2 Free-standing SWCNTs, excitons, Coulomb renormal-
ization & the dielectric background
The Kataura plot (figure 2.8) actually describes free standing SWCNT-samples,
treating charge carriers in the single particle picture. This model needs to be ex-
tended to accurately describe the absorption of real samples. The correction terms
presented in the following stem from excitonic effects, Coulomb renormalization, and
the influence of the relative permittivity of the background (the embedding layer).
The observed absorption and fluorescence spectra of individual nanotubes differ
from tight binding calculations (cf. [50, 56]) because of the fact that optical exci-
tations originate from excitons [57–60], which has been confirmed by two photon
excitation luminescence experiments [61–63].
Figure 2.9 shows the E11 transition and its according excitonic states. States
labeled with ’u’ have odd symmetry and - being two photon forbidden - allow only
single photon transitions. Excitonic states labeled with ’g’ show even symmetry, are
two photon allowed and thus permit only transitions involving two photons [62].
The interband transitions Eii (free-particle picture) yield a negligible oscillator
strength compared to the excitonic transition, consequently only the latter is de-
tectable in optical spectra [64, 65], complicating the correlation of the vHs’ energy
and the energy of the excitonic transition.
18
Carbon nanostructures 2.3 SWCNTs
(a)                                            (b)
g-exc. state
u-exc.state
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                                            0 0
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Figure 2.9: Schematic of one and two-photon absorption in SWCNTs and the exci-
tonic states involved; (a) The u-excitonic state is one-photon-active. The incident photon
(frequency νabs) is absorbed in the u-state and relaxes from this state to the ground state,
emitting a photon of the same frequency νem = νabs. (b) The two-photon-active g-excitonic
state is forbidden for one photon processes. Hence, two photons (red) are necessary for
transitions to the g-state. The system relaxes non-radiatively (black) to the one-photon-
active u-state and relaxes subsequently to the ground state (blue). With νabs < νem, whereas
2 · νabs 6= νem. Figure reproduced from [62].
Based on the hydrogen atom, the excitonic binding energy for the E11 transi-
tion may be estimated at approximately 260 meV and the exciton radius is on the
order of 2.1 nm [60, 66–70], i.e., the exciton binding energy E11exc is larger than in
3D (≈ 0···70 meV) or 2D semiconductors (≈ 5···100 meV), and the exciton radius in-
dicates an extension of the excitons outside the nanotube into the embedding layer.
In reference [71] exciton binding energies E11exc ≈ 300 meV and E22exc ≈ 420 meV are
calculated for a 1 nm diameter SWCNT of, i.e., the calculation is almost matched
by the estimation of E11exc, est. ≈ 260 meV. The decrease in transition energy due to
the exitonic binding energy results in a red-shift of the corresponding absorption
peak. However, further effects additionally alter the transition energy, partially
counterbalancing or increasing this red-shift due to the excitonic binding energy.
Coulomb renormalization (CR) due to attractive or repulsive Coulomb interac-
tion between electrons and holes or electrons and electrons increases the transition
energies by ∆E11CR ≈520 meV and ∆E22CR ≈690 meV [71], whereas the dielectric con-
stant of the background r, bg changes the transition energies by ∆E
11
bg ≈ −100 meV
and ∆E22bg ≈ −140 meV if a dielectric constant of r ≈ 2 is assumed [71].
Figure 2.10 schematically shows the transition energy E11 of a (13,0) nanotube,
whereas calculations are based on free-standing single particles (black). The figure
also depicts the influence of CR, the excitonic binding energy and the background
r - included one after the other - on the transition energy (red, blue, green).
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Figure 2.10: Schematic of the SWCNT absorption of a (13,0) nanotube (diameter of
about 1 nm) as a function of E11 transition energy in eV. The black curve denotes the
absorption using the tight binding model of a free particle, the red curve additionally con-
siders Coulomb renormalization. The blue curve includes the excitonic binding energy and
the green curve adds the effects of the background dielectric constant.
The plot of figure 2.10 indicates that, compared to the model including CR,
excitonic binding energy and the dielectric background, the tight-binding model
underestimates the transition energy, which is confirmed by empiric studies [72].
2.3.3 Linear transmission
Equation (2.14) and (2.13) may be used to calclulate the spectral position of absorp-
tion features for a given nanotube. These calculated absorption maxima need to be
corrected by the exciton binding energy, the CR, and the background permittivity
as shown in the previous section.
In the samples under study, SWCNTs of Unidym Inc. are used, that are produced
by the high pressure carbon monoxide gas phase deposition (HipCO) method (see
section 2.3.4). These SWCNTs are specified with a diameter between 0.8 and 1.2 nm.
If an average diameter of 1 nm and the effects mentioned in the previous section are
considered, E11 is calculated using E11 = E11, free +∆E
11
CR−E11exc +∆E11bg = 940 meV,
which corresponds to a wavelength of 1320 nm, being 215 nm smaller than the mea-
sured transmission minimum of the SWCNT-SA assigned to the E11 transition.
In figure 2.11 the transmission of a SA based on Unidym SWCNTs is plotted as
function of wavelength. The green shaded regions denote the calculated transition
energies of the E11 and E22 transitions, applying the supplier-specified tube diameter
of 0.8nm . dt . 1.2nm and equation (2.13). These regions further include the
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changes in transition energy due to the different effects described in the previous
section.For the E22 transition, a ∆E
22
CR = +690 meV, E
22
exc = −420 meV and ∆E22bg =
−140 meV were assumed [71]. The calculated spectral position of the E22 transition
is overestimated by approximately 90 nm (140 meV), but the range still includes the
measured transmission minimum.
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Figure 2.11: Measured absorption spectrum of a HipCO SWCNT-SA (black solid line)
and the calculated distribution of E11 and E22 transition energies (green shaded). The
correction terms ∆EiiCR, E
ii
exc and ∆E
ii
bg are assumed for the latter.
Bundling - a topological effect
As shown in figure 2.11, the correction terms introduced so far do not allow an ac-
curate match of the theoretic and measured transmision minima. The observed red-
shift of the measured absorption may be explained by the topology of the SWCNT
sample, which does not consist of individual SWCNTs, but of bundles of SWCNTs.
Bundling may influence the transition energies by introduction of a red-shifts of
up to several hundred meV [73, 74]. Therefore, the theoretical calculation requires
a further correction term considering bundling and a value of ∆Ebund ≈ -135 meV
needs to be introduced to match theory and measurement.
Figure 2.12 illustrates the same transmission curve of the HipCO sample as fig-
ure 2.11, but in the calculation of the absorption ranges (blue shaded) an additional
correction term due to bundling has been considered. As can be seen from these
figures 2.11 and 2.12, the correction terms allows to match the measured and cal-
culated energy of the E11 transition, but seems invalid for the E22 transition using
the given parameters.
To visualize SWCNT bundling, imaging techniques as scanning- and transmission
electron microscopy need to be applied, as those are capable to resolve individual
SWCNTs and their bundles, which is shown in figure 2.13 by one scanning (a)
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and two transmission electron micrographs of a SWCNT-SA (b and c). The low
resolution TEM measurement [figure 2.13(a)] denotes interweaved SWCNTs, and
higher resolution SEM micrographs [figure 2.13(b) and (c)] allow resolving SWCNTs
that are bundled with each other.
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Figure 2.12: Measured absorption spectrum of a HipCO SWCNT-SA (black solid line)
and the calculated distribution of E11 and E22 transition energies (blue shaded), consider-
ing the correction terms ∆EiiCR, E
ii
exc, ∆E
ii
bg and ∆Ebund
ca
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Figure 2.13: a) The scanning electron micrograph of the SWCNT-SA already shows that
individual SWCNTs are not free standing, but in contact to each other. b) and c) The
transmission electron micrographs recorded at different resolution show that SWCNTs are
bundled. Image reproduced from [75].
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2.3.4 Transmission spectra of real world SWCNT-SAs
Two eminent techniques of SWCNT growth are the synthesis by an arc discharge
and the before mentioned HipCO method. In the first, the soot produced by an arc-
discharge between two carbon electrodes contains different carbon nanostructures,
like bucky balls and SWCNTs [70]. The fabrication of SWCNTs by the HipCO
process is a chemical vapor deposition technique, as the SWCNTs are grown from
the gas phase (with carbon monoxide feedstock) under high pressure (up to 10 bar)
and temperatures around 1000◦C [76].
Figures 2.11 and 2.12, both show the transmission spectrum of a HipCO SWCNT-
SA. The two local minima represent the two lowest semiconducting interband transi-
tions E11 and E22. Obviously, real world SAs do not show the same sharp absorption
peaks as theoretical plots (cf., figure 2.7(b)). The large number of SWCNTs present,
varying in diameter and chirality, smears out the sharp absorption features of indi-
vidual SWCNTs, resulting in a smooth curve progression.
In most samples, it is not possible to determine all SWCNT species present,
however, measuring the Raman shift of the sample under study allowed to identify
the most prevalent SWCNT species. This is possible due to the radial breathing
mode (RBM), an unique Raman resonance of nanotubes spectrally isolated from
other resonances. The RBM is located at Raman shifts in the range of 120 to 350
cm−1, and due to the radius dependence of its frequency, the RBM allows for an
(n, m) assignment [77]. Figure 2.14 (a) shows the Raman spectrum of a HipCO
SWCNT-SA. The local maxima in the frequency range of the RBM, that may be
assigned to different SWCNT species, namely SWCNTs of chiralty (10,2), (12,1),
(10,5), (9,7) and (13,3), corresponding to tube diameters between 0.84 and 1.17 nm.
Figure 2.14 (b) shows the transmission of two HipCO-made SWCNT-SAs (yield-
ing differeent SWCNT concentrations) and the wavelength corresponding to the
E11-transition of the identified SWCNTs. Compared to the transmission spectrum
of an arc-made SWCNT-SA [figure 2.15(a)], the basic absorption features are similar
in both measurements, but their spectral position is shifted towards longer wave-
lengths for the arc-made SWCNTs, which is due to their larger commonly obtained
mean diameter.
Arc-made SWCNTs show an absorption around 1.0 and 1.9 µm, consequenly
their operation range covers lasers around 1 and 2 µm (i.e., based on Yb and Tm).
The residual absorption above 2 µm allows for application in lasers at this wave-
length range. However, a sample based on arc-made SWCNTs is not useful for
the emission wavelengths of chromium (Cr) between 1.25 and 1.5 µm. The hipCO-
made SWCNT-SA covers the wavelength range of the two Cr-lasers (forsterite and
YAG, not excluding other possible lasers suitable for mode-locking in this wave-
length range), located around 1.25 and 1.5 µm. For lasers emitting around 1 and
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Figure 2.14: (a) Raman spectrum of a HipCO SWCNT-SA, showing the radial breathing
mode around 200-250 cm−1. The radial breathing mode consists of different local max-
ima with frequencies ωi, RBM, suitable to identiy SWCNTs with chiralities (13,3), (9,7),
(10,5), (12,1), and (10,2). (b) Transmission of two HipCO-made SWCNT-SAs of dif-
ferent SWCNT concentration. The lowest transition energy E11 of each of the identified
semiconducting SWCNTs is marked in (b). Figure from [75].
2 µm (e.g. Yb & Tm), this device is not applicable. However, individual HipCO
samples presented in the course of this work showed sufficient absorption around
1 µm and have been applied near this wavelength.
2.3.5 Expansion of the optical response
As described in the previous section, the absorption of SWCNTs depends on the
tube diameter, coarsely influenced by the production process. Figures 2.15(a) and
(b) show the transmission spectra of arc-made and HipCO-made SWCNTs with the
two lowest semiconducting interband transitions E11 and E22, and for the arc-made
SWCNTs additionally the first metallic transition EM11. Metallic SWCNTs are inher-
ently present in each production process, whereas purification of the yield os possible
[78, 79]. The gray bars in the figure indicate the spectral region of usable absorption,
complementing one another. Consequentlly, incorporating the differently produced
SWCNTs into one element, a SA with an octave spanning absorption from ≈ 1.0
to 2.1 µm is obtained. The transmission of the HipCO + arc-made SWCNT-SA
is shown in figure 2.15(c), displaying an almost uniform absorption over a whole
octave.
Several HipCO + arc-made SWCNT-SAs working in transmission were pro-
duced. One of them has been used for mode-locking of 4 different bulk laser types,
namely Yb:KLuW at 1.07 µm, Cr:forsterite at 1.24 µm, Cr:YAG at 1495 µm and the
Tm:KLuW laser operating at 2,07 µm [75, 80].
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Figure 2.15: Measured optical transmission of an arc-made SWCNT-SA (a) and a
HipCO-made SWCNT-SA (b). The optical response is largely extended incorporating both
differently produced SWCNTs in one element. The obtained absorption covers the wave-
length range from 1.0 to 2.1 µm (c). The gray bars indicate the spectral region of applicable
absorption, and the curve of (c) is re-plotted in (a) and (b) for comparison.
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Chapter 3
Relaxation dynamics & saturable
absorption
In order to implement carbon nanostructures as mode-locking element into a laser,
it is essential to know the saturation and relaxation behavior of the element. Mode-
locking does not require recovery times on the order of the achieved pulse duration
as ultrashort pulses are achieved with slow saturable absorbers as well [cp. chapter
4 & [81]]. Relaxation of the absorber, however, is preferentially happening on a time
scale shorter than the round trip time TR =
2·l
c
, with the resonator length l and the
speed of light c. This condition is usually not critical in the laser cavity setups used
in this work, yielding ≈ 100 MHz repetition rate and a round trip time on the order
of 10 ns.
This chapter addresses the relaxation behavior of optically excited carbon nanos-
tructures, sketches the processes involved and explains the measurement of the rel-
evant time constants. It furthermore gives a comparison to SESAMs.
3.1 Ultrafast processes in semiconductors
3.1.1 Relaxation regimes in Semiconductors
Figure 3.1 depicts the four relaxation regimes of semiconductors according to refer-
ence [82]. Loose idendification of those regimes is possible for every relaxing semi-
conductor system, whereas the excact temporal extend, as well as the amount of
adjacent regime overlap, are specific for each individual semiconductor system un-
der study. The processes incorporated in the relaxation of a many-particle system
are characterized by individual time dependent scattering rates.
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Quantum kinetics
of carriers & phonons
Phase relaxation
of interband    of excitons
excitations
Energy transfer to latice
Hot phonon effects
Intraband and intersubband
redistribution of carriers
Coulomb            optical phonon        acoustic phonon scattering
Figure 3.1: Relaxation regimes in semiconductors after relaxation (top row) and accord-
ing time scales. The main effects occuring within the regimes (below timeline) and the
scattering mechanisms (bottom row) are given as well. Although limits of the regimes are
drawn clearly, different relaxation regimes overlap in time. Coulomb scattering does not
stop after 100 fs but wont be the dominating process after the coherent regime. Figure
according to [82].
3.2 Relaxation dynamics in graphene & SWCNTs
Directly after, respectively during excitation with an ultrashort pulse, i.e. at time
t ≈ 0, the distribution of carriers and holes is described by a
Nonequilibrium carrier distribution.
If an ultrashort pulse centered at 1.5 eV with a 0.6 eV bandwidth (corresponding to
a Ti:sapphire laser similar to the one used in [83], figure 3.3(a) shows an exemplary
spectrum) excites a graphene sample, electrons are generated at +0.75 eV in the
conduction band and holes at -0.75 eV in the valence band. If no relaxation occurs
during excitation, the structure of the spectrum is reflected in the distribution of
electrons and holes. This is simplified in figure 3.3(b), showing the Dirac cone and
a schematic plot of the nonequilibrium carrier density distribution at t ≈ 0 1.
A nonequilibrium carrier distribution is generated in SWCNTs as well. Here, the
excitation may be resonant to the band edge of the nth subband in the valence and
1 Additionally, the excitation by (commonly) polarized radiation induces an spatially anisotropic
carrier distribution, which relaxes mainly via cop-scattering within 50 fs [71].
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Figure 3.2: (a) Possible transitions of carrier-carrier scattering in graphene. The Dirac
cone close to the K-point is indicated by the black lines. Intraband relaxation channels
(a.1) and interband relaxation channels (a.2) show an unchanged number of carriers in
the bands. Coulomb-induced Auger processes change the number of carriers in the conduc-
tion and valence band. Auger recombination (a.3) reduces the number of carriers in the
conduction band, whereas impact excitation (a.4) increases their number. (b) Different
possible transitions of carrier optical phonon-scattering in graphene: (b.1) & (b.2) De-
note processes emitting an optical phonon, whereas in (b.3) & (b.4), an optical phonon is
annihilated. Images reproduced from [71].
conduction band or off-resonant to those bands. The structured DOS of SWCNTs
may alter the shape of the carrier distribution function but not its nonequilibrium
character. The subsequent relaxation regime, namely the
Nonthermal regime
includes the coherent regime and the thermalization regime, whereas both regimes
contribute to equilibration of the sample under study. The coherent regime is
characterized by a prevalence of Coulomb mediated carrier-carrier scattering (cc-
scattering), illustrated for graphene in figure 3.2(a).
Carrier optical phonon scattering (cop-scattering) dominates the relaxation of
the system during thermalization and, as well as cc-scattering, contributes to flat-
tening of the nonequilibrium distribution of electrons and holes. Cop-scattering
dissipates excess energy to the lattice along the Dirac cone with characteristic steps
of Ephonopt ≈ 200meV . Possible cop-scattering processes in graphene are depicted in
figure 3.2(b). In SWCNTs and graphene, the nonequilibrium carrier distribution
relaxes to a thermal Fermi-Dirac distribution of ’hot’ electrons and holes 2 within
about the first 200 fs [83].
After equilibration, the Fermi-Dirac statistics describes the occupation probabil-
2 Separate Fermi-distributions and -levels are discussed in [83].
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Figure 3.3: Relaxation processes in graphene after optical excitation with an ultrashort
pulse. (a) the structured optical spectrum of the incident pulse. (b) The crossing gray lines
denote the linear energy dispersion of graphene near the Dirac point. Excitation with an
ultrashort pulse generates structured carrier densities (red) - electrons in the conduction
band and holes in the valence band. (c) The nonequilibrium carrier densities (pale red)
thermalize ultrafast towards a hot Fermi distribution for electrons and holes (red). Subse-
quently they are altered due to carrier cooling (blue), governed by cop- and cap-scattering.
Figure following reference [84].
ity of an electronic state, given by
w(E) =
1
exp
(
E−µ
kBTC
)
+ 1
, (3.1)
with the Energy E, the chemical potential µ, the Boltzmann constant kB, and the
carrier temperature TC. Consequently, TC suffices to describe the carrier distribution
of a given fermion ensemble. In an excited system the carrier temperature TC may
temporarily be on the order of several thousand degree Kelvin [71, 83, 84], being
substantially higher than the lattice temperature TL of the sample.
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Carrier cooling & recombination
Inelastic phonon scattering allows for energy dissipation from the system of charged
carriers to the lattice, cooling the ’hot’ charge carriers from TC > TL to TC u TL. In
addition to cop-scattering, scattering of charge carriers with acoustic phonons sets
in on a picosecond timescale. In contrast to optical phonons, acoustic phonons have
an arbitrary energy, that is, however, in general smaller than Ephonopt .
In graphene and SWCNTs the contribution of cap-scattering becomes important
for the relaxation of charged carriers with an excess energy below Ephonopt . Relaxation
of those carriers with optical phonons is not possible and occurs on a picosecond
timescale [71, 85]. Cc-scattering may still occur but the probability of this scattering
process is negligible due to the decreased density of scattering partners.
Their recombination is either phonon assisted (SRH - process) or radiative, i.e.
a photon is emitted spontaneously during recombination. Auger recombination is
assumed negligible in this regime of relaxation [71]. Recombination and cooling is
described by the relaxation time τ2, which is of the order of a few picoseconds for
graphene [83], and of the order of 5 - 20 ps for SWCNTs [86].
The relaxation steps of a graphene sample after an exemplary excitation with an
ultrashort pulse is shown in figure 3.3.
E22 - subband
   
E11 - subband
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Figure 3.4: Relaxation paths in SWCNTs. Optical phonons exhibit an energy of
≈200 meV, depicted by the yellow arrows. Intraband scattering with optical phonons (or-
ange) relaxes the carriers within the subbands, emitting an optical phonon (orange wavy
line). Inter-subband relaxations due to carrier optical phonon-scattering occurs as well
(light blue). Carrier acoustic phonon-scattering (purple) is essential if the charged carri-
ers relaxed close to the band edge of the lowest conduction band. Here the energy that needs
to be dissipated to the lattice is smaller than Ephonopt , and scattering with optical phonons
is not relevant any longer. Scattering with acoustic phonons allows an energy dissipation
Ephonac of arbitrary height. Carrier recombination (green) is the final step of relaxation.
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3.3 Saturation effects in carbon nanostructures
Nanotubes and graphene, display an optical transmission which depends nonlinearly
on the incident power. In both systems, charged carriers are excited from the valence
to the conduction band by absorbing a photon. With increasing fluence, the rise
of the number of occupied states and the electron depletion in the valence band
prevent the absorption of subsequent incident photons. This state filling is called
Pauli blocking, leading to a characteristic decrease of the absorption with increasing
incident intensity.
The previous section explained different relaxation regimes of carbon nanostruc-
tures in detail. Under the assumption of a slow saturable absorber, it has proven
helpful to integrate the temporal dependence out and write the transmission simply
as a function of the fluence F [87]. The fluence is defined as pulse energy per area,
i.e., the temporal integral over the intensity. Therefore, if the pulse duration is
shorter than the absorber recovery time, the nonlinear transmission can be written
as
T (FP) = Tns · ln[1 + Tlin/Tns(e
S − 1)]
S
, (3.2)
with the non-saturable transmission Tns, the linear transmission for small signals
Tlin, and the saturation parameter
S =
Fi
Fsat
. (3.3)
Fi =
Ei
A
and Fsat represent the incident and the saturation fluence, respectively. Ei
is the incident pulse energy and A the irradiated area. This model function has
proven highly successful to understand pulse energy dynamics on the microsecond
time scale, e.g., due to Q-switching.
The nonlinear transmission is therefore characterized by the following three pa-
rameters:
Non-saturable losses ∆Tns = 1−Tns represent the contribution to the absorption
that may not be saturated, even with infinite pulse energy, thus, the minimum SA
transmission obtainable. Two processes contributing to the nonsaturable losses are
scattering at rough surfaces and defects in a homogenious SA structure.
The modulation depth ∆Tmod = Tns − Tlin is the maximum change in the trans-
mission. The modulation depth for a reflective SA is ∆Rmod = Rns − Rlin. With
increasing modulation depth the suppression of cw-laser background becomes more
effective, and a pulsed operation is favored. However, a higher modulation depth
also leads to an increased tendency toward Q-switching [88].
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The saturation fluence Fsat represents the fluence needed to decrease the trans-
mission or reflection to the 1/e-value (≈ 37%) with respect to the modulation depth,
∆Tmod respectively ∆Rmod.
If physically relevant, two photon absorption (TPA) may be included into this
model function by multiplying equation (3.2) with e−Fp/F2 , whereas F2 indicates
the fluence at which the transmission dropped to 1⁄e (37 %) due to TPA. F2 can
be related to material parameters like the TPA absorption coefficient βTPA and the
absorption length z by [87]
F2 ≈ τP
βTPA · z . (3.4)
SESAMs are known to show non negligible TPA [89]. In carbon nanostructures,
TPA is expected as well (see for instance figure 2.9, indicating two-photon allowed
excitonic transitions), but in SWCNTs, the fluence F SWCNT2 depends strongly on
the wavelength of illumination. Using a Ti:sapphire laser at a central wavelength of
800 nm, TPA has been observed in a SWCNT absorber [90], whereas measurements
of the nanotube absorber in other wavelength regions under study did not show
TPA at the available fluence of 200 µJ
cm2
and above [75, 91]. In graphene no TPA is
observed in the experiment.
3.4 Comparison of the saturable absorbers
Physical principles of absorption and saturation
The underlying physical principles of absorption and saturable absorption are iden-
tical in SESAMs and nanostructure-SAs. Electrons in the valence band are excited
to the conduction band via dipole-allowed transitions, and If approximated by a
two-level system, the absorption coefficient (cf. section 4.1.1) is given by [92]
α = σ12N1 = −
dI
dx
∣∣
abs
I
, (3.5)
with the absorption cross section being related to the Einstein coefficient by
σ12N1 = B12 h f12/c . (3.6)
From the excited state, the system relaxes within the decay time. Saturable
absorption occurs in both types of SAs under excitation with sufficiently high fluence
to initiate Pauli blocking, i.e., a depletion and filling of the states in the valence and
conduction band, respectively.
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The relaxation time of a pristine semiconductor is in the order of 1 ns, therefore
SESAMs used for mode-locking of lasers need to be designed to show a shorter
relaxation time on the order of picoseconds or faster.
SESAM defect centers & SWCNT bundling
The reduced relaxation time of a SESAM compared to an untreated semiconductor
is achieved by means of surface geometries or the generation of defect centers by ion
implantation. Both methods decrease the effective relaxation time but the latter
additionally increases the losses due to newly generated scattering centers.
The measured 70-300 fs recovery times of the E11 transition (section 5.1) are
about 2 to 8 times faster than the previously reported values for the E22 transition
in SWCNT-SAs based on the arc-discharge method [93] and other previous reports
[94]. This acceleration is attributed to the nanotube bundling, in particular to their
pronounced tendency to cling together [95]. The acceleration, however, is obtained
at the expense of increased scattering and consequently larger non-saturable losses.
To balance non-saturable losses and the accelerated relaxation, control of the align-
ment and spatial distribution is crucial. Equivalent considerations have to be made
regarding the defect density in SESAMs [96, 97].
Tailoring the modulation depth
The modulation depth of a SA determines the discrimination of the mode-locked
regime against cw operation of the laser. A sufficiently high modulation depth
is necessary to guarantee pulsed operation. However, a high modulation depth
increases the probability for q-switching (see section 4.5.1), and is connected with an
increase of the overall absorption and the non-saturable losses. In case of SESAMs,
the modulation depth is increased by fabrication of multiple quantum wells [98] or
by introducing a resonant SESAM design [99].
The absorption of a single layer of graphene amounts to ≈ 2.3 %. A simple way of
increasing the absorption of the element is to incorporate several layers of graphene
into the absorber which results in a stepwise increase of the absorption. To ensure
an independent absorption of each of the layers, they are individually grown and
manually transfered on each other. Doing so the graphene layers are stacked in no
particular order and are expected to behave like the sum of n individual monolay-
ers of graphene. Actually this is only partially true. The absorption behaves like
expected and increases approximately in steps of 2.3 % (figure 3.5). The satura-
tion fluence of the bilayer sample (24 µJ
cm2
), however, does not amount to twice the
value of the monolayer sample (14.5 µJ
cm2
), indicating that the relaxation behavior of
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Figure 3.5: Optical transmission spectra of a monolayer, bilayer and trilayer graphene
sample. The increase in absorption occurs in steps of 2.3 %. Data provided by the corre-
sponding author of [100].
graphene layers, placed in vicinity to each other, is changed by the different environ-
ment [100]. This is not very surprising, as already a changed dielectric background
constant influences the relaxation behavior of nanostructures [71] and the energy
dispersion of mono- and bilayer graphene differ from each other [36, 101].
The absorption of an SWCNT-SAs is determined by the number of SWCNTs
that are illuminated by the laser. This number may be varied by means of the
concentration of nanotubes on the SA, or (if the concentration remains unchanged)
the layer thickness. It is to be noted that a higher concentration results in higher
probability of bundling (see chapter 2.3.3), and yields higher scattering losses. For
the samples in this work, the concentration of the PMMA-SWCNT mixture was kept
constant, but altering the rotational speed during the spin-coating process allowed
for the fabrication of samples with different absorption values.
In table 4.1 common properties and parameters of SESAMs and nanostructure
SAs are given. Due to the fact that SESAM technology matured during the last 18
years, a vast variety of devices with different parameters is available for wavelengths
that may be easy covered using semiconductors. If longer wavelengths (> 1 µm) need
to be accessed, SESAM expansion strongly decelerates. From the large number of
SESAMs, table 4.1 only lists those relevant for solid state bulk laser mode-locking.
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Property SESAM SWCNT-SA Graphene-SA
Fabrication complex simple simple
Bandgap yes yes no
Operation in transmission (T)
or reflection (R) mainly (R) T & R T & R
Operating wavelengths in µm 0.8 - 2.33 0.8-2.14 0.8-2.55
Broadband application no yes yes
Typ. eff. relaxation time 1-10 ps ≈250 fs ≈100 fs
Dominant relaxation
component
slow fast fast
Typ. Fsat in µJ/cm2 150 5-10 50
Typ modulation depth in % 1-30 <0.56 <1
Typ. non-saturable loss in % 2 1-2 <2
TPA yes no issue 7 not observed
Self-starting yes yes8 no
Table 3.1: Comparison of carbon nanostructure-SAs and SESAMs.
3 Designed for a defined wavelength (e.g., 0.8 / 1.0 / 1.2 / 1.5 / 2.0 / 2.3 µm) and not applicable
at other wavelengths.
4 See [90] and section 5.4.4
5 Values for the SWCNT-SAs used in this work. Higher modulation depths of approximately 1
and 1.9 % were reported in reference [102] for λmeas =1.56 and 1.05 µm, respectively.
6 References [103, 104] report mode-locking at the edges of this range. The range may be
expanded theoretically, whereas ultimate limits are a possible non-zero Fermi-level on the low
energy side, and the Fano resonance, respectively the linear range of the graphene energy
dispersion, i.e. up to 3 eV, on the high energy side.
7 At 800 nm TPA was observed [90]
8 See section 5.4.1
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Chapter 4
Fundamentals of ultrashort laser
pulses
In this chapter the basic theory of passive mode-locking is briefly summarized. The
chapter starts introducing the laser gain media and pulse shaping effects which are
thereafter implemented in a mathematical model. Finally the stability of cw mode-
locking is discussed.
4.1 The active Laser media
In this work, different types of active laser media were used. The crystalline hosts
belong to the class of garnets, silicates, sesquioxides or double tungstates.
From the garnets the famous representative yttrium-aluminum-garnet (YAG)
was used in this work. YAG is isotropic because it belongs to the cybic crystals. YAG
provides a laser host with high damage threshold and high thermal conductivity. The
latter, however, is inversely proportional on the doping level.
Forsterite (formula Mg2SiO4) belongs to the class of silicates and has an or-
thorhombic crystal structure, resulting in direction-dependent properties. Doped
with Cr4+, its polarization along the b-axis is, e.g., most efficient for laser emis-
sion. Furthermore, with Cr-doping, a broad laser emission bandwidth of 250 nm
@ 1.2 µm was achieved allowing for the generation of pulses as short as 14 fs [105].
All Forsterite laser results presented in this work have been obtained at the Ajou
University in Suwon, South Korea, marked accordingly.
Sesquioxides are oxides with formula M2O3. M stands for a trivalent (semi)metal,
or a rare-earth metal, e.g., yttrium (Y), scandium (Sc) or lutetium (Lu). The latter
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three elements form the sesquioxides, yttria, scandia and lutetia. They have been
successfully applied as laser hosts [106], and show superior thermal properties over
many other host materials. These sesquioxides are cubic and isotropic, but their high
melting point (around 2430◦C) requires a growth technique different than methods
like Czochalski or Nacken-Kyropoulos growth or micro-pulling down. Furthermore
crucible materials have to withstand the higher growth temperatures as well. The
heat exchanger method (HEM) allows for the growth of sufficiently large laser crys-
tals. This method is characterized by a constant heating of the crucible walls, whilst
a heat sink is generated punctually at the crucible bottom by an increasing gas flow.
The different methods of crystal growth are reviewed in [107].
Double tungstates (DT) are monoclinic crystals with formula KT(WO2)2. Here,
T is a trivalent metal or rare-earth element cation, e.g., yttrium or lutetium. Due to
their crystal structure, the DTs exhibit directional properties, whereas the anisotropy
of their optical properties is related to their principal optical axes Nm, Np and Ng,
respectively. The Np principal optical axes coincides with the crystallographic b
axis, whereas the Nm and Ng axes are defined by an angle to the crystallographic a
and c axes, shown in figure 4.1(1) for KLuW.
For laser applications, polarization along the Nm and Np principal optical axes
yield a higher absorption and emission cross section and result in a better laser
performance than along the Ng axis [108]. The samples used in this work were cut
for laser emission polarized along one of the principal optical axes advantageous
for laseer operation. The thermal conductivity is directional as well, and yields a
thermal conductivity ellipsoid, which is shown in figure 4.1(2) for KLuW. The strong
anisotropy of the DTs combines advantageous optical properties, a large absorption
and emission cross section and a broad emission, in one crystal orientation.
The main properties of the four different laser gain media used in this work are
summarized in table 4.1.
38
Fundamentals of ultrashort laser pulses 4.1 Laser media
c
a
Ng
Nm
b||Np
[101] 18.5°
59.2°
c
a
X3
X1 b||X2
[101] δ=13.44°
ρ=27.24°
(1) (2)
Figure 4.1: The optical (1) and thermal expansion ellipsoid (2) of KLuW at room
temperature with respect to the morphology and the crystallographic frame. The crystal
is grown by the top-seeded solution growth [109]. The crystallographic b-axis points out
of the drawing plane and is parallel to the optical Np axis and theX2 axis of the thermal
expansion ellipsoid. All frames are right-handed. Figure from [108].
Property YAG Forsterite Sesquioxides KLuW
Symmetry cubic orthorhombic cubic monoclinic
Preferred growth process Cz Cz HEM TSSG / Cz
Melting point (K) ≈ 2210 ≈ 2160 ≈ 2700 ≈1330
Transparancy range ( µm) 0.18 - 6.0 ≈ 0.3 - 3.3 0.23 - 8.0 0.365 - 5.11
Refractive index at 1 µm 1.816
np=1.635
nm=1.651
ng=1.670
nSc=1.967
nLu=1.911
nY=1.890
np=1.995
nm=2.030
ng=2.084
Thermal conductivity
(Wm−1K−1, 300K) 10.1 - 11.4 ≈8
κSc=18.0 (7.3)
1
κLu=12.6 (11.7)
2
κY=13.4 (7.4)
3
κ1=3.09
κ2=2.55
κ3=4.40
Table 4.1: The different laser host materials used in this work and their main properties
relevant for laser application. Directional properties are marked with indices referring to
the optical or thermal expansion ellipsoid shown in figure 4.1.
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4.1.1 Absorption, emission and gain
The general concept of a cross section is used in various fields of physics to describe
the probability of an interaction between two particles or between an electromagnetic
wave and a particle. The cross section σ has the dimension of an area. Each ion
may be pictured as a ’target’ with this area, hit by a ’bullet’ (e.g. a photon) with a
probability w. The larger σ, the higher the probability that the ’target’ is hit.
In a system of N laser active ions yielding energy levels E1 and E2 (with direct
electronic transitions being allowed), absorption occurs upon excitation with radi-
ation of energy EPhoton = E2 − E1 = h · ν12. The change of the number of atoms
in the ground state 1 is dN1
dt
= −σ12N1φ, with N1 being the number of atoms in
the ground state, φ the photon flux density (photons per area per time), and σ12 is
the absorption cross section. The latter is related to the Einstein coefficient for the
absorption B12 and to the absorption coefficient α by [92]
σ12 = B12
hν12
c
=
1
N1
α . (4.1)
The above given equations are valid for two distinct energy levels. The lasers
used in this work disobey this model as Yb3+, Cr4+and Tm3+ yield quasi-three-
level behavior. In this case the ground and upper laser level are Stark manifolds
composed of electronic sublevels of different energy. However, the concept of an
effective absorption cross section, which incorporates the occupation probabilites
and the transition cross sections for all sublevel transitions, is used to overcome this
difficulty.
In contrast to the (effective) absorption cross section, which may be calculated
from absorption spectra, determining the emission cross section is less trivial. For
doing so either the Fu¨chtbauer-Ladenburg equation or the McCumber theory (ap-
plying the reciprocity method) may be used. The former is used if the emission
is not too broadband and given that the radiative lifetime of the excited state is
known, it relates a measured fluorescence spectrum to the corresponding emission
cross section by [110]
σem(λ) =
λ4c
8picn2τrad
I(λ)∫
I(λ)dλ
. (4.2)
Here I(λ) denotes the fluorescence spectrum and λc the center wavelength of the
emission. From equation 4.2 one can see that σem ∝
(
τrad ·
∫
I(λ)dλ
)−1
, hence, the
broader an emission spectrum and the longer the upper state lifetime, the smaller
the emission cross section.
1 −15 Values for the pristine laser host crystal. The values in brackets are determined for 2.4,
3.27, and 3.2 at. % Yb-doping, respectively [107]
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The measurement of the radiative lifetime τrad is nontrivial due to reabsorption
and internal reflection. Here one possibility is altering the measurement condi-
tions (e.g., by using diluted samples). The McCumber theory represents the second
method for determination of σem [111, 112]. It relates the Einstein coefficients for
broadband emission and absorption spectra and is therefore particularly useful for
solid-state lasers yielding Stark manifolds. The McCumber relation reads [112]
σabs(ν) = σem(ν) exp
(
hν − E0
kBT
)
. (4.3)
The energetic positions of the individual Stark levels and their degeneracy are com-
bined in E0 [110, 111] and for certain laser active ions (e.g., Yb or Er), E0 may be
approximated by the zero phonon line, i.e., the transition between the lowest sub-
levels of the two Stark levels involved [113]. With knowledge of the absorption and
emission cross section, it is possible to calculate τrad by means of the Fu¨chtbauer-
Ladenburg equation [111, 114, 115]. Furthermore, if the cross sections are known,
the gain cross section is easily obtained by [108]
σgain(ν) = βinv · σem(ν)− (1− βinv) · σabs(ν) . (4.4)
With the inversion parameter βinv, which is not to be confused with the dispersion
parameters introduced in equation (4.7).
As an example, figure 4.2 shows the cross sections σabs(ν), σem(ν) as well as
σgain(ν) for the
3F4 → 3H6 transition, on which the Tm3+-doped KLuW laser op-
erates. It can be seen that the cross sections are polarization dependent, and the
curves are shown for polarization along two crystallographic axes. The plots show
an overlap of the emission and absorption around the laser wavelength [Figure 4.2
(a)]. This behavior is characteristic for quasi-3-level systems and explains the higher
laser threshold (compared to 4-level systems), which is due to this re-absorption of
emitted radiation. Furthermore, the maximum of the gain and hence the central
wavelength of the laser depend upon the population inversion in the laser crystal
as apparent from Figure 4.2 (b). As higher output coupling demands for a higher
inversion in the laser medium, different output coupling degrees result in different
central wavelengths if all other laser parameters are fixed.
The gain cross section may be used to calculate the small signal gain coefficient
by g(ν) = σgain(ν) ·∆N , with the population density difference between the upper
and lower laser level is ∆N = Nupper − Nlower. The gain coefficient is found in the
Lambert-Beer-law, relating the intensity of radiation I to the penetration depth z
by I(z, ν) = I0 · eg(ν)·z.
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Figure 4.2: (a) and (b) Absorption (blue) and emission (red) cross sections for the
3F4 → 3H6 transition of Tm around 2 µmin KLuW for polarization parallel to Nm (a)
and Np(b), respectively. (c) and (d) Gain cross sections for the
3F4 → 3H6 transition in
Tm:KLuW according to equation (4.4), given for the polarizations Nm (a) and Np (b).
Different inversion parameters β were assumed. Figure from [108].
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4.1.2 Gain saturation in the steady state
The gain introduced in the former section actually describes the behavior for small
input intensities whereas the gain is actually a function of the photon flux density
φ and consequently in a given geometry also a function of the fluence or intensity.
The gain is given by [116]
g(ν) =
g0
1 + P
Psat(ν)
=
g0
1 + P ·τg
Esat(ν)
=
g0
1 + φ
φsat(ν)
. (4.5)
Here Psat(ν), Esat(ν), and φsat(ν) are the saturation power, saturation energy and
saturation photon flux density, g0 the small-signal-gain and τg the gain relaxation
time, which is often close to the radiative lifetime. Equation (4.5) is valid in the
steady state, i.e., for long time scales, constant pump power and resonator losses.
For different conditions, e.g., for higher gain values as in amplifiers, the Frantz-
Nodvick equation needs to be applied. The solid-state lasers used in this work yield
a small emission cross section, as compared to dye lasers. With the gain saturation
fluence being inverse proportional to the emission cross section (Fsat =
hν
σem+σabs
), the
lasers under study consequently yield a higher saturation fluence than dye lasers.
Therefore, saturation of the gain by one single pulse may be assumed negligible.
In laser operation, i.e. in the steady-state, the gain of the active medium is
saturated to a value such that the laser gain equals the losses. Consequently the
average intracavity power remains constant, and the pulse is reproduced after each
round trip.
4.2 Pulse shaping effects
4.2.1 Dispersion in dielectric materials
In dielectric media, the linear susceptibility χ(ω), the refractive index n(ω) and the
speed of light c(ω) = c0/n(ω) are frequency-dependent. Hence, different wavelengths
experience temporal delay with respect to each other. Material dispersion can be
defined by expressing the wave vector k(ω) as a Taylor series
k(ω) = k(ω0) +
1
1!
∂k
∂ω
(ω − ω0) + 1
2!
∂2k
∂ω2
(ω − ω0)2 + 1
3!
∂3k
∂ω3
(ω − ω0)3 + · · · . (4.6)
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Introducing the dispersion coefficients βn =
∂nk
∂ωn
and ∆ω = (ω − ω0), equation (4.6)
is expressed as
k(ω) = k(ω0) +
1
1!
β1∆ω +
1
2!
β2∆ω
2 +
1
3!
β3∆ω
3 + · · · , (4.7)
respectively with the phase velocity
vph(ω) =
ω
k(ω)
, (4.8)
and the group velocity
vg(ω) =
dω
dk(ω)
=
c
n(ω) + ω dn(ω)
dω
, (4.9)
the Taylor expansion of k(ω) around ω0 is given by
k(ω) =
ω
vph(ω)
+
1
vg(ω)
∆ω +
d
dω
(
1
vg(ω)
)
∆ω2
2
+ · · · . (4.10)
The zero order term is a phase shift, and the first order term denotes the group delay
(GD), which describes the delay between the pulse envelope and the carrier wave due
to different group and phase velocities. The pulse shape and duration are not altered
by the GD. The second order term is the group velocity dispersion (GVD), which
introduces a phase difference between the spectral components of a pulse, leading
to a temporal broadening. The GVD is a material parameter and if multiplied with
the propagation length in a dispersive medium, the group delay dispersion (GDD)
is obtained. GVD also results in a linear distribution of frequencies across the pulse
(also called chirp), for instance to a leading red (low frequency) and trailing blue
(higher frequency) component in the case of positive GVD. The increase in pulse
duration for Gaussian pulses is given by [117]
τ1 = τ0
√
1 +
(
4 ln (2)
β2z
τ 20
)2
, (4.11)
with τ0 and τ1 being the full width at half maximum (FWHM) pulse duration before
and after propagation through a medium, respectively. Equation (4.11) indicates
that the broadening is independent on the sign of the chirp and GVD does not affect
the original pulse shape of the propagating pulse. If a GDD of about 300 fs2 (corre-
sponding to 3 mm propagation in a double tungstate) is assumed, pulse broadening
becomes critical at pulse durations well below 40 fs [see figure 4.3(b)]. However, in a
laser resonator, the pulse propagates for many roundtrips before being coupled out.
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Therefore, even longer pulses experience significant dispersion and pulse broadening.
The calculated GVD of the laser gain media and prism materials is shown in fig-
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Figure 4.3: (a) Calculated GVD for different materials in dependence of the wavelength.
Please note that the GVD of KLuW is given for polarization along the Nm principal optical
axis [108], and scaled by a factor of 0.1. (b) Pulse broadening in dependence of the initial
pulse duration assuming a GDD of 300 (red), 1000 (green) and 3000 fs2 (blue). A GDD
of 300 fs2 is introduced by a 3 mm thick KLuW crystal, and only pulses shorter than 40 fs
experience significant broadening passing this crystal. In laser operation several round-trips
easily sum up, higher GDD is obtained, and dispersion compensation becomes essential.
ure 4.3(a). The dispersion of KLuW (red) for polarization along the Nm - principal
optical axis (cp. [108]) is plotted as a representative for other double tungstates
together with lutetia (green).
Around 1 µm, the materials used in this work yield a positive GVD, turning
negative between 1 and 2 µm. Lutetia features a GVD close to zero around 2 µm.
The zero dispersion wavelength opens the possibility of pulse propagations with
negligible pulse broadening, as e.g., widely used in telecommunication around 1.3 µm
in silica fibers. The dispersion is positive for the Yb host materials, slightly positive
for the Cr host material, and negative in case of the Tm host materials. This
becomes relevant during the discussion of solitary mode-locking in section 4.3.3.
In contrast to GVD, third order dispersion (TOD) as well as higher order dis-
persion influence the pulse duration and the pulse shape. TOD, e.g., introduces
oscillations after the main pulse for β3 > 0 [118]. The TOD of a KLuW crystal
oriented for Nm-polarization is approximately 200 fs
3/mm at 1 µm and 1160 fs3/mm
at 2 µm4. According to [117] the broadening factor is proportional to
√
1 +
(
s β3
2τ30
)2
,
and hence the pulse broadens by only 5% for pulse durations below 10 fs at 1 µm
and 20 fs at 2 µm on passage of 1 mm KLuW. Consequently, TOD is negligible in
the laser oscillators under study as they yield significantly longer pulse durations.
4 in [118] a TOD of 30,000 fs3 is assumed for the example shown
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4.2.2 Dispersion compensation
As explained later in section 4.3.3, stable mode-locked operation demands for a
balance of positive intracavity material dispersion (section4.2.1) and negative dis-
persion introduced by SPM (subsection 4.2.3. Dispersion compensation within the
laser cavity may be achieved by Gires-Tournois interferometers [119], dispersion
compensating chirped mirrors [120], or a prism pair [121, 122]. Gratings are usually
not applied inside a ultrashort pulse laser cavity, but may act as wavelength-selective
element in narrow-band lasers [123, 124].
The dispersion compensating prism pair used in the laser cavities under study,
allows for fine adjustment of the introduced amount of GDD, realized by a variable
insertion of the second prism into the beam, which changes the optical path length
through the tip of the prism, consequently varying the positive material dispersion
introduced. This path may be defined conveniently by (1) the position of the center
wavelength with respect to the tip of the second prism, i.e. the insertion [121] or
(2) the horizon wavelength, which defines the shortest wavelength still passing the
second prism, whereas shorter wavelengths do not enter the second prism at all [122].
The GDD introduced by one pass through the prism pair at the central wave-
length λc, respectively the corresponding circular frequency ωc, calculates by [122]
d2Φ
dω2
∣∣∣∣
ωc
= − lλ
3
2pic2
d2P
dλ2
. (4.12)
Here l is the tip-to-tip distance (ttt-distance) and P denotes the optical path de-
pending on the wavelength and the resulting angular dispersion for a given prism
geometry. This derivative is given by [122]
d2P
dλ2
= β′′ sin β + β′2 cos β , (4.13)
with β being the second order material dispersion of the prism material. In the
lasers under study the prism pair consists of either SF10 (below 2 µm) or calcium
fluoride (CaF2). The prisms used are cut for Brewster angle incidence to minimize
reflection losses.
In figure 4.4, the GVD of the prism pairs made of SF10 and CaF2 are calculated
according to equations (4.9) and (4.13) for different ttt-distances.
4.2.3 Self phase modulation
Self phase modulation (SPM) is a nonlinear effect closely related to the optical Kerr-
effect. The latter, however, is in general used to describe a lateral dependence of
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Figure 4.4: Calculated GDD introduced by a pair of SF10 and CaF2 prisms, respectively.
The amount of negative dispersion is coarsely changed by the tip-to-tip distance of the
prisms and may be fine-tuned by prism insertion. In the calculation according to [122],
horizon wavelengths of λhor1 = 950 nm and λhor2 = 1800 nm were assumed for the SF10
and CaF2 prism pair, respectively. As λhor denotes the shortes wavelength passing the
prism pair, the curves are cut at λhor2 for the CaF2 prism pair.
the refractive index due to a lateral intensity distribution. On the contrary, SPM
is related to a temporal change in refractive index ∆n(t) = n2 · I(t) induced by the
temporal intensity distribution of the pulse itself. Here n2 denotes the nonlinear
refractive index (in [cm2/W]) and I(t) the time dependent intensity of the laser
pulse. It is to be noted that n2 used in the following corresponds to n2 in [124].
With negligible third harmonic generation, the nonlinear refractive index is related
to the third order susceptibility χ(3) via [124]
n2 =
3
4
1
ε0cn20
χ(3) . (4.14)
Hence, during the temporal propagation of the pulse, different parts of it experience
a different refractive index. This in turn leads to a time-dependent phase shift
[116, 124]
∆ϕ(t) = 2pin2
L
λ0
I(t) =
ω0
c
n2LI(t) = γI(t) . (4.15)
Here L denotes the propagation length in the medium, and λ0 and ω0 are the center
wavelength, respectively frequency. The phase shift introduced by SPM results in a
shift of the instantaneous frequency
∆ωinst =
∂
∂t
∆ϕ(t) =
ω0
c
n2L · ∂I(t)
∂t
. (4.16)
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Figure 4.5 shows schematically a hyperbolic-secant pulse (i.e., the temporal intensity
profile is sech2-shaped) and the corresponding nonlinear frequency shift due to SPM
(prefactors not considered).
-1         -0.5          0.5       1
Time t/τPulse
E(
t) 
/ Δ
ω
(t)
  (
a.
u.
)
Figure 4.5: Schematic of a sech2-shaped pulse (red) and the change in frequency resulting
from SPM induced by the pulse itself (blue).
SPM consequently generates new frequencies and broadens the optical spectrum.
Within the resonator, however, spectral filtering, e.g., due to a finite gain bandwidth,
limits this broadening. SPM applied externally, e.g., in an optical fiber allows for
the generation of very broadband radiation, the so-called supercontinuum or white
light [125, 126].
For a positive nonlinear refractive index n2, SPM introduces a positive chirp to
an initially unchirped pulse. This chirp is approximatly linear for the central part
of the the pulse (see figure 4.5). This fact becomes relevant in the following sections
when solitary mode-locking is discussed.
4.3 Mathematical representation
4.3.1 The wave equation
To describe laser pulses, one may start from the wave equation(
∇2 − µ0ε0 ∂
2
∂t2
)
E = 0 (4.17)
and the complex representation of an electric light field
E(x, t) = <{E0(x, t)eikx−iω0t} . (4.18)
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At first, the slowly varying envelope approximation (SVEA) is applied, i.e. the
assumption is made, that the complex E-field amplitude E0(x, t) changes slowly
compared to the wavelength of the carrier wave. Consequently the second derivatives
of E0(x, t) are negligible compared to the first derivatives, |∇2E0|  |k∇E0| and∣∣∣∂2E0∂t2 ∣∣∣ ∣∣∣ω0 ∂2E0∂t ∣∣∣[127]. The SVEA simplifies the second order differential equation
to one of first order.
If moderate GVD and SPM (see sections 4.2.1 and 4.2.3) are assumed, us-
ing SVEA the wave equation (4.17) can be rewritten in the form of a nonlinear
Schro¨dinger equation [128]{
∂
∂z
+
i
2
β2
∂2
∂T 2
− iδ |E(z, t)|2
}
E(z, t) = 0 . (4.19)
Here T = t − z/vg is the retarded time (the frame of reference is moving with the
pulse maximum), β2 =
(
d2k(ω)
dω2
)
ω=ω0
is the GVD- and δ the SPM- coefficient.5
Equation (4.19) describes the transmission of electromagnetic waves in fibers
and belongs to the class of Korteweg-de Vries equations. Apart from the solution in
form of a uniform wave train, solitons represent a pulsed solution to those differential
equations [132, 133].
4.3.2 From the NLSE to Haus’ master equation
To describe a laser using equation 4.19, further assumptions and approximations
need to be considered [129]:
1. Gain and loss of the active laser medium need to be incorporated and gain
saturation may be omitted .
2. The linear and nonlinear change a pulse experiences within one roundtrip in
the cavity, and hence the modification of the pulse by one passage of each
optical component, is small (< 20%).
3. In the steady state the pulse reproduces itself after one round trip in the
resonator, i.e., A(t) = A(t+ TR)
5 The notation of references [128] and [129] differ from each other. In [128] the SPM coefficient
is γ, whereas it is δ in references from H. A. Haus [130, 131]. In this study Haus’ notation is
applied.
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Those assumptions led to Haus’ master equation, a model applicable to describe
pulses circulating in a solid-state laser resonator considering pulse shaping effects.
One representation of the master equation reads [129, 130]6[
−iψ − (l + iz) + g
(
1 +
1
Ω2g
∂2
∂T 2
)
+ · · ·
iD
∂2
∂T 2
+ (q − iδ) |a|2
]
E(T, z) = 0 . (4.20)
Here the different effects are implemented by the following differential operators
[129, 130, 134]:
• −iψ is a small phase shift per resonator pass, induced by a
shift of the carrier frequency.
• −(l + iz) describes a small linear loss and phase shift per pass.
• g
(
1 + 1
Ω2g
∂2
∂T 2
)
is a small gain acting on the field amplitude with the
saturated gain g and the gain bandwidth Ωg at half with
at half maximum (HWHM). The ratio g/Ω2g is called
gain dispersion.
• iD ∂2
∂T 2
denotes the intracavity GDD,
• q |a|2 the response of the saturable absorber, and
• −iδ |a|2 expresses SPM.
The master equation 4.20 may be expanded or simplified according to the effects
present in the laser cavity, e.g., higher order dispersion that becomes relevant in
sub-10 fs Ti:sapphire lasers (see e.g. [135] and references within). Under certain
combinations of GVD and SPM, e.g., if negative GVD is compensated by positive
SPM, a soliton is one solution of the master equation.
4.3.3 The soliton
Real soliton propagation exists only in fibers. In a bulk laser the different con-
tributions of SPM and GVD do not occur simultaneously. SPM emerges in the
laser crystal, whereas the main contribution of GVD originates from the disper-
sion compensating prisms. However, the contributions balance each other within
one roundtrip. Although, the pulse has a different shape at different positions in
6 The response of the SA - originally labeled γ - is labeled q, according to [134]
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the laser resonator, it reproduces itself after every roundtrip. Therefore it is more
accurate to call this pulsed regime solitonlike or solitary mode-locking.
The temporal intensity profile P (t) and the optical spectrum S(ν) of the pulse
have the shape of a squared hyberbolic secant (sech2) and this solution yields the
following properties:
• The intracavity GDD (D), SPM (δ) and the pulse energy (EP ) are related to
the full width half maximum pulse duration τFWHM by [117, 136]
τFWHM = 1.76 · 4 |D|
δEP
. (4.21)
• The time-bandwidth-product (TBP) relates the spectral bandwidth and pulse
duration obtained. For sech2-pulses the theoretical limit for the pulse duration
at a given spectral bandwidth calculates to TBPlim = ∆ν ·∆τFWHM = 0.315.
• The intensity autocorrelation function G2(τ) of a sech2 shaped pulse is de-
scribed by [137]
G2(τ) =
3 (τ · cosh(τ)− sinh(τ))
sinh3(τ)
. (4.22)
In practical applications fitting G2(τ) with a sech
2 and division of the autocor-
relation width τac,FWHM by approximately 1.54 yields a very good first estimate
of the pulse duration τFWHM ≈ 0.66 · τac,FWHM.
• Solitons of higher order are possible solutions of the Haus master equation.
While the fundamental soliton of order 1 is neither varying its pulse shape nor
spectrum during propagation, higher order solitons change their shape and
spectrum with the soliton period [117].
• Solitons are subject to TOD and nonlinear effects, self-steepening and intra-
pulse Raman scattering, which is also called the self-frequency shift [117]. In
the case of propagation in fibers, those effects need to be incorporated, how-
ever, interaction lengths in the elements of the laser resonator are too short to
see those effects.
The first two properties are most relevant for solid state lasers yielding solitary
mode-locking. The third point concerning the stability is partially re-assessed within
the following sections, discussing the net gain window and the stability against the
continuum, respectively the stability against pulse-breakup.
For assessment of the solitary character of the results, the shape of the autocor-
relation and the optical spectrum may be considered. If the former deviates from
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the autocorrelation of a sech2 shaped pulse, solitary mode-locking may be excluded.
The same conclusion may be drawn if the optical spectrum does not feature a sech2
shape. A further indication for solitary mode-locking is a TBP close to the theoret-
ical limit of 0.315 for this pulse shape. If the achieved TBP does not deviate too
much (i.e., <20 %) from the Fourier limit, the pulses are assumed solitary.
For a more quantitative assessment of the presence of a soliton, the ’soliton
condition’ according to [116], is applied. The effects of GVD and SPM (sections
4.2.1 and 4.2.3), introduce a phase to the pulse traveling in a non-linear optical
medium. The pulse propagates in the form of a soliton, if the contributions to the
phase by GVD and SPM yield the same absolute value and the opposite sign. The
soliton condition in [116] needs to be adapted for bulk lasers by changing over the
left hand side of equation (4.23) to the B integral [138] and integration of the right
hand side as well. Different contributions occur at different positions z on the beam
axis, which is taken into account by integration over one round trip in the cavity.
k0
∫
cav
n2(z)I0dz =
∫
cav
−β2
τ 2p
dz (4.23)
The angular wave number of the center wavelength k0 =
2pi
λ0
, the nonlinear refractive
index n2(z) of the non-linear material (in [
cm2
W
]) and the pulse peak intensity I0
compose the phase factor stemming from SPM.
The right-hand side of equation (4.23) includes the group velocity dispersion
coefficient β2 and the pulse duration τp, and integration yields a dimensionless ex-
pression on both sides of the equation.
This approach considers the fact that SPM and GVD do not occur at the same
time and position. SPM is mainly present in the active laser medium, whereas GVD
is introduced by the prism pair and the active laser medium. Consequently the term
on the left hand side may be integrated over twice the crystal length, whereas the
solution of the right hand side is determined by the GDD of the prism and the overall
material dispersion of two passes through the laser active material. In general, the
path through the prism sequence is not exactly known. Thus, the GVD introduced
by the prism pair may be miscalculated, leading to an (mainly) overestimation of
the amount of negative GVD. Finally, the calculation of SPM demands for accurate
knowledge of the nonlinear refractive index and the average laser beam area of the
active laser material.
52
Fundamentals of ultrashort laser pulses 4.4 Passive mode-locking
4.4 Saturable absorber and net-gain-window
In general, an optical component (transmittive or reflective) whose losses are re-
versibly decreasing with increasing incident optical intensity is referred to as SA.
The nonlinear transmission behavior (section 3.3 on page 32) describes the loss as
a function of energy. The temporal behavior was neglected so far.
Fast and slow saturable absorbers
SAs yielding a relaxation time n the order of or shorter as the pulse duration of the
laser are considered fast, and the losses may be modeled by [136]
q(T, t) =
q0
1 + |A(T, t)|
2
PA
, (4.24)
with the linear loss q0, and the SA saturation power PA. SAs with a longer relaxation
time are called slow absorbers7.The absorption of a slow absorber may be expressed
by a rate equation including the saturation energy EA [136]
dq(T, t)
dt
= −q − q0
τA
− q |A(T, t)|
2
EA
. (4.25)
A fast absorber ’follows’ the temporal pulse profile in contrast to a slow absorber,
that - once saturated by a short pulse - still shows a certain degree of saturation
after passage of the pulse. Consequently, the net gain window, which correlates with
decreasing cavity losses, is opened only during the pulse for a fast absorber [Figure
4.6(a)], but stays open longer than the pulse duration in case of a slow absorber
[Figures 4.6(b) and (c)]. Per se, one may assume that a long net gain window,
which remains open after the trailing edge of the pulse, allows the noise following
the pulse to grow and ultimately degrades the discrimination of the pulse against
this noise (also called ’continuum’). Yet, some effects may counteract the long net
gain window. One effect temporally limiting the net gain window and increasing
the stability against the noise is gain saturation of the laser medium. This effect
is, for instance, observed in dye lasers and depicted in figure 4.6(b). In this case
one pulse already extracts sufficient energy from the gain medium to saturate the
gain even before the pulse completely passed the gain medium. Solid state lasers,
on the contrary, yield only negligible gain saturation. Consequently, a long net gain
window was assumed to render pulsed laser operation unstable [139]. Ka¨rtner et
al. [81] showed that soliton formation may stabilize pulsed operation against the
continuum because the continuum experiences mainly two effects:
7 The reference is the pulse, therefore a slow absorber for a fs-laser may represent a fast absorber
for a picosecond-laser.
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Figure 4.6: The net gain windows for different combinations of relaxation times of the
saturable absorbers and gain media. The loss and gain are drawn in the upper panel and
the lower panel shows the pulse. The combinations are (a) a fast absorber, (b) a slow
absorber in combination with gain saturation of the active laser material, and (c) a slow
absorber with soliton pulse shaping. Figure from [81].
(1) It undergoes temporal broadening, because the low intensity continuum still
experiences GVD, whereas the (intensity dependent) dispersion due to SPM is not
sufficient to compensate for this material dispersion.
(2) The pulse is retarded with respect to the continuum during every passage
through the SA. As a result, the continuum precedes the pulse, such that the former
propagates through a completely recovered and hence lossy SA.
The SWCNT-SAs used in this work yield a recovery time on the order of 70
and 100 fs for 1.0 and 1.2 µm, respectively. At 1.5 µm a recovery time of about
300 fs was determined, and at 1.9 µm a fast relaxation of about 250 fs was measured.
Graphene yields a recovery time of about 200 fs at 1 µm. As chapter 5.1.4 shows in
more detail, pulse durations obtained are in the order of 80 - 100 fs, implying that
the SWNCT-SAs may be considered fast for 1 and 1.2 µm, but rather slow for the
Cr:YAG laser at 1.5 µm. In the wavelength range around 2 µm the SWCNT-SA may
be regarded fast, except for two results, where pulse durations of 175 and 145 fs were
obtained. Those are in the order and at ≈50% of the recovery time, respectively.
The graphene-SA may still be considered ’fast’. This evaluation becomes relevant
in the following section concerning mode-locking stability.
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4.5 Mode-locking stability
4.5.1 Q-switch mode-locking instabilities
Apart from the stability of the mode-locked operation against the continuum, Q-
switching instabilities represent a delicate issue in laser operation. One refers to
Q-switched mode-locking (QML) if the pulse train of the cw mode-locked laser
experiences an additional amplitude modulation. This modulation stems from the
capability of energy storage (and ultimately its sudden release) in active laser media
with long upper state lifetimes. QML in bulk solid-state lasers yield a character-
istic frequency of several ten kilohertz and shows itself as side-bands of the beat
notes in the radio-frequency spectrum. Figure 4.7 schematically illustrates QML in
comparison to cw mode-locking.
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Figure 4.7: Schematic of a cw mode-locked laser (a) and a laser showing Q-switched
mode-locking (b). The average output power (black dotted line) of both lasers is identical
but pulse energies are increased in case of QML.
It is possible to deduce Q-switching stability limits from the rate equations for
gain and loss. This assessment by Ho¨nninger et al. [88] relates accessible laser and
SA parameters to a critical pulse energy for stable cw mode-locking. One form of
the stability criterion reads
E2P > Esat, L Esat, A ∆R . (4.26)
With the saturation energy of the gain Esat, L, the saturation energy of the SA Esat, A
and the modulation depth of a reflective SA ∆R. The latter may be replaced by
∆T if a transmissive device is used. The saturation energies can be expressed by
Esat = Fsat · Aeff, whereupon the effective area of the laser mode in the crystal or
on the SA is Aeff, L/A = piw
2
L/A. The cavity parameter w is the beam waist and
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additionally, a tilt of the element due to Brewster alignment has to be considered.
To derive equation 4.26 several approximations have been assumed [88]:
• The SA recovery time is shorter than the roundtrip time τA < TR
• ∆R of the SA is small and the nonsaturable losses of the SA are negligible
• The SA is strongly bleached, i.e., FP ≥ 5 · Fsat, A
• The laser operates far above threshold
It is convenient to combine Esat,L, Esat,A and ∆R to the QML parameter βQML
8 and
write for EP, crit
EP, crit =
√
βQML . (4.27)
Figure 4.8 shows the stability regions for the pulse energy in dependence of the
QML parameter. The solid curve represents the critical pulse energy, with the blue
shaded region indicating cw mode-locking, whereas for a combination of pulse energy
and QML parameter lying in the red shaded region, Q-switching instabilities are
expected. This model is a fairly good assessment of the cw mode-locking threshold
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Figure 4.8: Calculated critical pulse energy for stable cw mode-locking versus QML pa-
rameter (black solid line). The blue shaded region indicates cw mode-locked operation,
whereas in the red shaded region Q-switching instabilities are expected.
for picosecond lasers, whereas for solitonlike mode-locking the extended criterion
reads [88] (
geff
g
− dgeff
dEP
)∣∣∣∣
EP
E2P > Esat, LEsat, A∆R , (4.28)
with the effective gain geff. The prefactor reduces the critical pulse energy for
cw mode-locking and decrease its threshold9. In this modified criterion, the high
8 this labeling is not applied in literature, but done for convenience
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stability of the soliton mentioned before (section 4.3.3) may be quantified. It should
be noted that the condition in equation 4.26 is stricter than in equation 4.28, i.e.,
lasers fulfilling the stricter condition consequently fulfill the weaker condition as
well. The extension for solitons may be considered if equation 4.26 is not fulfilled
by a soliton-like mode-locked laser. Either of the two QML criteria is considered
during the analysis of the experimental results.
4.5.2 Pulse-breakup
In general, single pulse operation is preferred over double- or multi pulsing. Pulse
breakup into two or more pulses is unwanted because this solution is not stationary
any longer, and the pulses are moving with respect to each other.
If soliton-like pulse shaping effects are dominant, the FWHM pulse width is
inversely proportional to the pulse energy [117, 136]
τFWHM = 1.76 · 4 |Dg,f|
δEP
. (4.29)
Dg,f denotes gain and filter dispersion and δ is the SPM coefficient. If the pulse
energy rises to a level where the SA is completely saturated, no further pulse shaping
due to the SA occurs. SPM, on the contrary, does not saturate and results in further
pulse shortening according to equation (4.29), which in turn implies a broadening
of the optical spectrum. After a certain increase of the spectral bandwidth, the
spectrum is subject to gain filtering due to a finite gain bandwidth. The losses for
single pulse operation increase. If EP increases and pulse breakup occurs, the two
pulses have a lower pulse energy each, subsequently a longer pulse duration, as well
as a narrower bandwidth. The latter decreases the losses due to the finite gain and
filter bandwidth. The SA, which was very strongly saturated by the single pulse, is
still strongly saturated by two less intense pulses. Ultimately, pulse breakup occurs,
if the loss experienced by the double-pulse solution is smaller than the one for the
single-pulse.
Ka¨rtner et al. [136] found that a fast SA strongly increases the stability of
mode-locking against pulse breakup. This may be explained by the fact that a fast
SA saturates with peak power and a slow SA with energy. If a pulse breakup is
assumed with Epulse,2 = 0.5 · Epulse,1, the pulse duration according equation 4.29 is
τFWHM,2 = 2·τFWHM,1. The peak power for the double pulse solution is hence reduced
by a factor of 4, whereas the sum of the two pulse energies equals the energy of the
single-pulse solution. As a slow absorber saturates with energy, the saturation of
9 in [88] the factor is about 4 for experiments with Nd:glass
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the SA is similar for single- and double-pulsed operation. In contrast to the fast
absorber, saturating with peak power. Here the discrimination of single-pulsed
operation against the double-pulsed solution due to the SA is increased compared
to a slow SA.
As the SAs used in this work yield a recovery time which is in the order of the
pulse duration, it was expected that multi-pulsing is less critical for the lasers under
study. Nevertheless, if the saturation parameter S = Fi
Fsat
reaches values ' 10, pulse
breakup is anticipated [136, 140].
With respect to pulse breakup, the higher gain saturation fluence of the active
laser materials under study is beneficial for single-pulse operation as well.
4.6 Carbon nanostructure mode-locking – State of
the art
Before showing the results obtained in this work, the introductory part of this chap-
ter gives a brief overview of bulk lasers that have been mode-locked using nanotube-
based saturable absorbers. For a convenient comparison all results obtained with
SWCNTs – including those presented later in this chapter – are listed in table 4.2.
The classification according to lasing wavelength is further arranged in chronolog-
ical order of publication. The main laser parameters and references are given in
the table. Fiber lasers were the first lasers mode-locked with carbon nanostructures
and are numerously present in literature. However, table 4.2 excludes fiber lasers
as this laser type has not been part of this work. The latter tolerate much higher
non-saturable losses of up to 15 %, which is not comparable to the requirements of
the quasi-three-level bulk lasers, that are under study in this work.
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0.8 µm Ti:sapphire 810 / 800 600 / 62 45 / 600 110 / 99.4 H (R) / (T) [103, 141]
1 µm
Nd:phosphate glass 1054 ≈ 200 — — H (R) [142]
Yb:KLuW 1048 115 30 89 A (T) [91] 
Yb:KYW
1038 / 1049 140 / 83 32 / 24 88 7 84 A (T) / (R) [143] 
1038 133 160 87 H (T) [75] 
Nd:silicate glass 1070 99 10 194 A (R) [144]
Nd:BYF 1049 8500 70 194 A (R) [145]
Yb:KLuW 1069 84 62 89 H + A [80] 
Nd:YAG ceramics 1064 8300 130 90 H (R) [146]
Nd:GdVO4 1063 8400 3630 122 A (T) [147]
Nd:Lu0.15Y0.85VO4 1064 19000 902 150 A (T) [148]
Yb:Sc2SiO5 1061 880 / 5400 712 / 940 96 / 103 A (R) [149]
1.3 µm
Cr:Mg2SiO4
(forsterite)
† 1245 / 1250 120 / 80 202 / 295 79 / 78 H (T) / (R) [150, 151] 
1242 100 230 79 H (T) [75] 
1243 118 250 79 H + A (T) [80] 
Nd:YVO4 1342 16500 800 127 H (T) [152]
1.5 µm
Er, Yb:phosphate
glass
1570 / 1562 68 / 261 ≈30 / 63 85 / 75 L (R) [94, 142]
Cr:YAG
1495 92 110 85 H (T) [75, 153] 
1485 113 85 85 H + A [80] 
2 µm
Tm:KLuW
1944 9700 240 126 A (T) [154] 
1942 25400 167 130 H + A (T) [80] 
Tm:Lu2O3 2070 175 36 88 A (T) [155] 
Tm:KLuW 2037 141 26 88 A (T) [156] 
Table 4.2: State of the art of SWCNT-SA mode-locked bulk lasers. ♦ † - Forsterite lasers
operated at Ajou University, Suwon, South Korea. Abbreviations used: H - HipCO, A - arc, L -
Laser ablation, T - transmission, R - reflection
59
4.6 State of the art Graphene mode-locked bulk lasers
SWCNT-SA mode-locked lasers were numerously presented in literature (see,
e.g., table 4.2), whereas there is still only a limited number of graphene mode-
locked bulk lasers demonstrated. Those bulk lasers mode-locked using graphene
or graphene oxide as mode-locker are listed in table 4.3. The table includes the
results presented in this work, marked accordingly. The classification is arranged in
chronological order of publication, giving the main laser parameters and references.
The first laser mode-locked by graphene was an erbium-doped fiber laser [10] using
graphene samples characterized by an undefined number of layers. The graphene-
polymer composites and graphene flakes were produced by exfoliation or CVD, and
deposited directly onto fiber ends, and the laser generated output powers in the mW
range [10, 157–159]. The SAs used in those fiber lasers yield large scattering losses,
which, however, may be compensated by the large gain of fiber lasers of several ten
dB. Such high-loss SAs are not appropriate for mode-locking of bulk lasers.
Table 4.3: State of the art of graphene mode-locked bulk lasers. Absorber are used in
transmission (T) or reflection (R). ’GO’ denotes graphene oxide, ’CVD’ graphene synthe-
sized by chemical vapor deposition, and ’exfol’ graphene produced by exfoliation of graphite.
♦ † - The Cr:forsterite lasers were operated at Ajou University, South Korea. ♦ ‡ - Esti-
mated values by the authors of [160].
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ceramic Nd:YAG 1064 4000 100 90 GO (T) [161]
Er,Yb:glass 1552 260 4.5 88 CVD (T) [162]
Nd:GdVO4 1065 16000 360 43 exfol (R) [163]
Cr:Mg2SiO4 1250 94 230 75 CVD (T) [100] †
Yb:KGW 1031 428 504 86 exfol (R) [164]
Tm:YAlO3 2023 ≈ 10,000 ‡ 268 72 GO (T) [160]
Ti:sapphire 800 63 480 99.4 CVD (T) [44]
Tm:CLNGG 2018 729 60 99 CVD (R) [165]
Yb:KLuW 1047
160 47
93 CVD (T) [166]

203 160
ceramic Tm:Lu2O3 2067 410 270 110 CVD (T) [167]
Cr:YAG 1516 91 107 85 CVD (T) [168] 
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Chapter 5
Results
5.1 Absorber Characterization
5.1.1 Pump-probe spectroscopy - methods
The carrier population and its relaxation dynamics are examined with pump-probe
spectroscopy, wherein a pump pulse excites the sample and changes the population
distribution of charge carriers. The probe pulse is used to investigate these changes.
The measured quantity of a pump-probe experiment is the differential transmis-
sion change ∆T (hν)
T0
and by variation of the time delay ∆t between pump and probe
pulse using a delay stage, the differential transmission change is temporally resolved.
In a non-degenerate or ’two-color’ pump probe experiment, the pump and probe
pulse are centered at different wavelengths. This allows monitoring the dynamics of
carriers in a subband different than the one excited. For the purpose of mode-locking
at a given laser wavelength, the degenerate case of pump-probe measurements is of
interest. Here pump and probe are commonly two replica stemming from one and
the same laser source.
Figure 5.1 schematically shows the measurement setup. The laser output is split
into pump and probe beam, and the former beam is modulated by a chopper. The
resulting modulation of the probe intensity is then recovered by lock-in detection. It
is absolutely mandatory to prevent any stray light from reaching the photo detector.
To some extent, this is accomplished by using a sufficiently large crossing angle of the
two beams on the sample. This measure alone does not suffice to suppress stray light.
Therefore one typically cross-polarizes pumpt and probe beam and blocks direct
detection of the pump beam by a polarizer. For reflective samples, cross-polarization
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Figure 5.1: The pump-probe setup to measure the relaxation time of different types of
SAs. The setup shown is used for measurements of reflective SAs at 1 µm. For different
spectral regions, the laser source and eventually optics have to be adapted to the changed
wavelength of interest. The solid red line represents the pump and the dashed red line the
probe. The blue dashed line is the probe pulse after reflection. The rate of the pump lasers
used is on the order of 100 MHz.
typically yields pump-probe traces that do not show any indication of a coherent
artifact near zero delay [169].. For transmissive samples, however, a depolarization in
the sample is sometimes observed. this effect can lead to interference effects near zero
delay, which may result in strongly fluctuating signals in this range. These effects
can be suppressed by measuring pump-probe traces with a constantly changing
pump-probe delay. Adjusting the time constant of the lock-in amplifier to suppress
the resultiing oscillations then serves to reject this artifact.
In pump-probe experiments, the minimum obtainable time resolution is dictated
by cross-correlation between pump and probe pulse. If the cross-correlation function
is known from independent measurements, this information can be utilized for a
deconvolution of pmp-probe measurements. The reliability of such a deconvolution
srongly depends on the signal-to-noise ratio of the available data. Even for near-
perfect data, one cannot reliably retrieve dynamic effects on time scales that are
about a factor 2 to 3 shorter than the pulse durations. Therefore, deconvolved
traces have to be interpreted with a lot of care.
The absorption change in a semiconductor is given by [82]
∆α(hν) = −α0(hν) (fe + fh) , (5.1)
with the density functions of electrons and holes fe and fh and the small signal
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absorption α0. The absorption change is connected to the differential transmission
by ∆T (hν)
T0
≈ ∆α(hν)
α0
, allowing to relate the property of interest, i.e., the carrier density
distribution to an observable and measurable property of the absorber. Equation
(5.1) illustrates that (a) the sum of the density functions of electrons and holes (fe
and fh) is easily accessible by the absorption change, and that (b) using the small
signal absorption α0 is not valid for higher excitation densities, as the absorption
will saturate with incident fluence (section 3.3).
As presented in section 3.1.1, three main steps of relaxation are expected in
semiconductors, exitation into the conduction band and subsequent ultrafast ther-
malization, intraband relaxations occurring on a femtosecond-timescale and inter-
band relaxations on a picosecond timescale. Thermalization is not measurable with
the pump sources used in this work. Therefore, the two relaxation processes ex-
pected to be resolvable are incorporated into the relaxation model described by a
biexponential decay, which reads
∆T
T
(t) = A · exp
[
− t
τ1
]
+ B · exp
[
− t
τ2
]
. (5.2)
Even if the system under study yields only one recovery time due to a relax-
ation process and an additional measurement artifact, e.g., a coherence artifact,
the biexponential fit will separate both from each other. As coherence artifacts are
strongly reduced for reflective samples, comparing the pump-probe measurements
of equally produced reflective and transmittive samples indicates whether the short
time constant retrieved from the measurement is related to a relaxation process in
the sample or to an artifact.
The relative weight of the time constants
If the differential transmission change of the SA is fit by (respectively the pump pulse
convolved with) the biexponential model function of equation (5.2), it is possible to
figure out the amplitude weights wamp,1 =
A
A+B
and wamp,2 =
B
A+B
. However, as
explained in the following, the contributions from the different relaxation times are
of special interest with respect to self-starting and the suppression of the continuum
(see section 4.4). Therefore the integral weight holds a higher importance. If the
model function is slightly modified, resulting in
∆T
T
(t) = 1 · exp
[
− t
τ1
]
+ B’ · exp
[
− t
τ2
]
, (5.3)
the integral weight of the slow relaxation time is wint,2 =
B’·τ2
τ1+B’·τ2 . For most SESAMS,
i.e. not for the fast ones [170], only the slow relaxation time is specified, and
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according to equation (5.3) an integral weight of wint,2 ≈ 100 % is obtained for such
slowly relaxing systems.
5.1.2 Nonlinear transmission measurement - methods
In linear transmission measurements, the transmission is determined as a function
of wavelength for small signal intensities. Nonlinear transmission (NLT) measure-
ments, by contrast, focus on the transmission at a fixed wavelength or wavelength
range as a function of the incident signal intensity.
They allow to determine macroscopic observable properties of the SA, like e.g.,
the nonsaturable losses, the modulation depth, and the saturation fluence, intro-
duced in section 3.3 on page 32.
Measuring the NLT of an SA is challenging, as sub percent changes in the trans-
mission or reflection of a sample need to be detected over a fluence range of three
orders of magnitude. In order to measure the NLT of the nanostructure-SAs, a setup
similar to the one reported in [87] is used. Figure 5.2 depicts the NLT measurement
setup used in this work. It repetitively scans the nonlinear transmission character-
istics of the sample. An acousto-optic modulator is used for high-dynamic range
attenuation. It allows for a precise variation of the incident fluence. Furthermore,
each point of the measurement is referenced with a signal reflected by a silver mirror.
This procedure is necessary to eliminate long term drift of the laser source as such
a drift of the pump laser fluence may strongly falsify the measured transmission or
reflection change. By these means, resolving modulation depths well below 1% is
feasible. The measured data is subsequently fitted by the model function of equation
(3.2).
5.1.3 Pump-probe spectroscopy - results
The pulsed laser sources used in the pump probe experiments are a 200 fs mode-
locked Nd:glass laser operating at 1.06 µm (High Q Lasers), a 150 fs Er:Yb:glass laser
at 1.56 µm (Origami by Onefive) and a femtosecond optical parametric oscillator
(OPO) with ≈150 fs pulses (Opal by Spectra Physics). The signal, respectively
idler output of the OPO were tunable to 1.3 and 2.0 µm. Consequently, the time
resolution for the pump-probe experiments is in the order of 200 to 290 fs without
applying the convolution method.
Figure 5.3(a) shows four pump trace signals measured for the same SA at differ-
ent wavelengths. The sample used for these measurements is based on HipCO-made
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Figure 5.2: The set-up for the non-linear transmission measurement. The pump laser is
chopped as the lock-in technique is used for detection. The optical isolator prevents back-
reflections into the laser source and the acousto-optic modulator allows for attenuation of
the laser source over a high dynamic range. The assembly of shutters allows to switch
between the sample arm and the reference arm including the silver mirror. Thus each data
point is timely referenced, which minimizes errors due to long-term drift of the pump laser.
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Figure 5.3: Experimental pump-probe traces of the same SA based on HipCO-made SWC-
NTs; (a) Pump-probe traces measured at four different wavelengths. (b) The retrieved fast
(triangles) and slow (squares) recovery times τ1 & τ2 plotted as function of wavelength.
The symbol size indicates the relative weight of the fast and slow components. The solid
thick black line represents the effective 1/e-relaxation time. (c) The normalized transmis-
sion change for all 4 measurements in a double-logarithmic plot. Figure published in [75].
nanotubes yielding a broadband absorption (section 2.3.4). Applying the convolu-
tion method, the fast component τ1 was found to increase from approximately 70 fs
at 1060 nm to 300 fs at 1.55 µm[Figure 5.3 (b)].
The increase of τ1 in the vicinity of the E11 transitions of the largest nanotubes
in the mixture may be explained by the increasing number of nanotubes being
excited resonantly or close to the band gap. In such excited SWCNTs, relaxation
via fast cc-scattering is less efficient and slower relaxation channels (cop-, and cap-
scattering, section 3.2) become more important during relaxation. In the curves,
the slow relaxation component (described by τ2) is clearly discernible, giving rise
to a small pedestal at positive delays. The latter is not present at 1.9 µm, and the
faint fast response visible may be ascribed to the response of metallic nanotubes.
This indicates, that a HiPCO nanotube based SA is not useful for mode-locking at
Tm-wavelength around 2 µm.
As shown in section 2.3.4, operation at 2 µm demands for arc-made SWCNT-
SAs. The biexponential fit to the differential transmission change using equation
(5.2), yields time constants of 250 and 1160 fs, using the convolution method, time
constants of 230 and approximately 1500 fs were obtained. Hence, both methods
result in similar relaxation time constants, if the relaxation time is of the order or
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slower than the pump pulse duration. Figure 5.4 shows pump-probe measurements
of the three SA types for a pump wavelength of 1960 nm and the fit using the
convolution method. The SESAM measurement [(a), squares and blue curve] shows
a quasi instantaneous response, followed by a dominant (98 % integral weight) slow
relaxation.
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Figure 5.4: Measured pump-probe response of the three investigated saturable absorbers at
2 µm wavelength: (a) Differential transmission change of the arc-made SWCNT-SA (black
solid line) and an 1 quantum well SESAM (squares). The corresponding fits are denoted
by the red and blue solid lines, respectively. (b) Differential transmission change of the
graphene-SA (black solid line) and the corresponding fit (red solid line). For these three
saturable absorbers under study, the convolution method was applied. In case of a SESAM
the dominant slow relaxation time is clearly discernible as a slowly decaying pedestal.
The graphene-SA was measured at 1 and 2 µm. The relaxation times τ1 and
τ2 are found to be comparable for both wavelengths, but the integral weight of τ2
seems to be increasing with wavelength. This corroborates that approaching the
Dirac point in graphene, the effective relaxation time is increasingly dominated by
the slow relaxation processes, confirming similar reports [171].
The pump-probe measurement of graphene at 2 µm reveals time constants τ1
and τ2 of 80 and 3500 fs, respectively. The straight forward approach using the
biexponential fit yields 170 and 3700 fs, overestimating the fast component by a
factor of two, whereas the slow component is not markedly influenced by the different
evaluation approach. Similar values of τ1 = 200 fs and τ2 = 1.5 ps were found for a
graphene-SA at 800 nm using a biexponential fit [44].
The extracted components of the relaxation time are in good agreement with
literature [83, 172, 173]. In references [83, 84], a very fast equilibration of the
carrier distribution on an ultrashort time scale on the order of 10 fs was reported for
graphite and graphene. This relaxation time is much shorter than the pump-probe
time resolution and cannot be resolved using the pump-probe lasers available. For
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graphene the dependence of the relaxation time on the pump wavelength may be
neglected, as a slow down of the relaxation is expected only close to the Dirac point,
i.e., at excitation energies below 300 meV [171].
Considering the shape of the measured pump-probe curves, the question arises,
whether the sharp peak at zero time delay is caused by an ultrafast relaxation process
in the sample, or by an interference between pump and probe pulse (coherence spike).
As discussed in section 5.1.1 on page 62, the best possible care was taken to suppress
the coherence spike.
All relaxation times obtained with the different SWCNT and graphene-SAs are
listed in table 5.1. Furthermore, the results of a SESAM with common parameters
is given as well. The last column of table 5.1 lists the integral weight of the slow
time constant wint,2 (the weight of the fast component is the complement to 100 %).
Figure 5.4 shows, that the slow relaxation time is dominant in SESAMs, and on the
contrary, plays a minor role for the relaxation of carbon nanostructure-based SAs.
The self-starting behavior of mode locked lasers is ascribed to the slow relaxation
of the SA used [174]. For this reason the integral weights of the participating time
constants in the relaxation of carbon nanostructure-SAs need to be discussed during
their application as mode-locker. SESAMs feature reliable self-starting behavior,
but mainly at the expense of a longer effective relaxation time. The latter is mainly
determined by the slow relaxation component, which is in general in the order of
several picoseconds.
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Sample λ [nm] τ1 [fs] τ2 [ps] τeff [fs] wint [%]
HipCO SWCNT†
1060 60 1.9 70 72
1300 80 1.7 100 75
1560 225 2.1 300 66
Arc-made SWCNT 1920 230 1.52 530 84
Graphene
1060 110 3.0(∗) 120 36(∗)
1980 80 3.5 90 72
SESAM‡ (Batop)
1040 - - 500-1000 100
1340 - - 1000 100
1510 - - 104 100
SESAM 1960 60~ 15 100 98
Table 5.1: Results of pump-probe studies. The fast (τ1) and slow (τ2) contributions to
the effective 1/e-relaxation time τeff of different SWCNT-SAs and a graphene sample used
in this work. For comparison typical SESAM parameters are included. wint denotes the
integral weight of the slow relaxation component explained in the text. ♦ † - At 2 µm, only
a faint fast response is measured for the HipCO-made sample, which can be seen in figure
5.3(a). ♦ (∗) - the slow time constant was fit manually, as the automatism underestimates
the slow decay. ♦ ‡ Information from Batop GmbH. If only one relaxation time is specified,
it corresponds to τ2. In this case wint = 100 %. ♦  A one quantum well SESAM for
2 µm, fabricated at Tampere University of Technology, Optoelectronics Research Centre,
Finnland. ♦ ~ Fitting the slowly decaying curve with two time constants, this short value
for τ1 is obtained. As the fast decay actually follows the pump pulse, this value needs to
be treated with care.
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5.1.4 Nonlinear transmission measurement - results
Figure 5.5(a) shows a NLT curve plotting the losses of a SWCNT-SA as a function
of the incident fluence. The data points of the measurement are fitted (thick red
line) using equation (3.2). The small-signal and nonsaturable losses ∆Tlin = 1−Tlin
and ∆Tns are illustrated by the upper and lower horizontal red line, respectively.
The vertical red line is drawn at the saturation fluence Fsat, and the modulation
depth ∆Tmod is indicated by the gray arrow.
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Figure 5.5: (a) Measured non-linear transmission of a SWCNT-SA at 1.3 µm (open cir-
cles) and the corresponding fit (thick red line) as function of the incident fluence. (b)
Measured non-linear transmission of the graphene-SA at 1.04 µm (dots), and the corre-
sponding fit (thick red line).
The saturation fluences of the SWCNT-SA based on HiPCO-made nanotubes
is approximately 10 µJ
cm2
. This designed low value is virtually identical with typical
values reported for SAs based on arc-made nanotubes used in this work and reported,
e.g., in [91, 93, 154], which are of the order of 8-10 µJ
cm2
. Other references report
higher saturation fluences Fsat > 50
µJ
cm2
[94, 175]. Higher saturation fluences are
unfavorable for avoiding Q-switching instabilities (see section 4.5.1). From the fits
to the NLT measurements, nonsaturable losses ∆Tns between 1 and 2.3% and a
modulation depth ∆Tmod from 0.25 to 0.4% were extracted.
For the graphene-SA the nonlinear transmission measurement was performed
at a wavelength near 1.04 µm using a synchronously pumped near-IR tunable fem-
tosecond OPO that delivered sub-200 fs pulses. The maximum pulse fluence on the
sample amounted to about 0.4mJ/cm2. Figure 5.5(b) shows the measured transmis-
sion in dependence on the fluence (data points) and the corresponding fit to the data.
The fit to the NLT measurement yields a saturation fluence Fsat of about 50 µJ/cm2,
and a modulation depth ∆Tmod of approximately 0.75%. The nonsaturable loss lns
of the monolayer graphene SA was determined to be 1.59%.
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Sample λ [nm] ∆Tmod [%] lnon-sat [%] Fsat [
µJ
cm2
]
HipCO SWCNT
800† 0.15 < 1 29
1300 < 0.4 0.95 6
1560 < 0.5 0.95 6
Arc-made SWCNT 1060 0.5 2.3 10
Graphene
800 † 1.8 0.9 66
1040 0.75 1.59 50
1250 ∗ 0.54 1.8 14.5
1500 0.4 1.9 14
SESAM‡
1040 < 1 /< 3 < 0.5 / ≈ 1 120 / 50
1340 1.2 0.8 70
1510 6 < 0.5 70
2000 1.2 0.8 70
Table 5.2: Results of the nonlinear transmission measurements of SWCNT and graphene-
SAs used in this work. SESAM parameters given for comparison. The extracted SA
parameters are listed according to absorber type and wavelength. ♦ † and ∗ denote data
from references [44] and [100], respectively. ♦ ‡ Typical parameters from commercially
available SESAMs (Batop GmbH). For SESAMs, ∆Tmod needs to be replaced by ∆Rmod.
The listed values are from SESAMs yielding the lowest modulation depths. SESAMS with
modulation depths of severel ten % are available too, but as they are not relevant for the
lasers examined in this work, they are not shown.
The modulation depth and nonsaturable loss are similar to the values of SWCNT-
SAs. The saturation fluence is higher than in SWCNT-SAs, but still those values
are well-suited to achieve stable mode-locking of typical bulk lasers. The measured
modulation depth was much larger than the values of the single exfoliated graphene
layer reported in [84] This is mainly attributed to the high-quality of the CVD-grown
monolayer graphene.
Apart from one exception [103], SWCNT- and graphene-SAs have not shown
TPA in the NLT measurements with the available pump source fluences. The onset
of TPA distinguishes SWCNT- and graphene-SA from classical SESAMs. In the
latter, TPA may occur at relative low fluences of 20 to 100 µJ
cm2
[143, 176], limiting
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their applicability for higher laser powers. The measured TPA in SWCNTs at
wavelengths around 800 nm corroborates that the TPA-coefficient increases with
decreasing wavelength and is clearly discernible for the E44 transition. Transition
changes in the PMMA layer as in [177] are less probable, as the roll-over in the NLT
measurement of [103] is reversible.
The measured relevant parameters of the differently produced SWCNT-SAs and
the graphene-SA are listed in table 5.2. The results are listed according to the
absorber type and the wavelength of the NLT measurement. Typical SESAM values
are shown for comparison.
5.2 The laser set-up
Figure 5.6 shows a schematic of the laser cavity set-ups used in this work. According
to [178], astigmatism resulting from off-axis resonators is compensated by means of
the cavity configuration. The angular tilt of M1 and M2 are determined by the
crystal thickness, yielding for example a tilt of 6 degree for a 3-mm thick laser
active material. The laser cavities used are set-up for polarization parallel to the
optical table. If only vertical pump source radiation is provided by the pump laser,
a half-wave plate (λ/2) is used. The prism pair (P1 and P2) are applied for dispersion
compensation (see section 4.2.2), and all spherical mirrors used (Mn) are dielectric
dicroitic mirrors. If the output coupler (OC) limits the cavity without using the
prism pair, the laser operates in the picosecond regime.
5.3 Diagnostics applied
For an assessment of the laser parameters, several standard diagnostic methods were
applied. The average output power and the optical spectrum are determined by a
bolometric power meter and a commercial spectrometer specified for the wavelength
range under study, respectively. If the measurement of these two laser parameters
demands for special means, the information is given in the according section.
The pulse duration is assessed by means of background-free intensity autocorre-
lation based on second harmonic generation (SHG). The autocorrelators are either
commercial (for 1 µm) or home-made (for 1.5 and 2 µm). The latter allow for an in-
creased scan range necessary for longer pulses (' 10 ps), and is very versatile in terms
of the underlying conversion process (e.g., SHG or two photon absorption (TPA)
directly in the photodiode). Additionally, it facilitates using the lock-in technique,
which is a prerequisite to measure small SHG signals with a sufficient signal-to-noise
ratio.
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Figure 5.6: Typical set-up of the mode-locked laser cavities used. The figure shows the
x-shaped (a) and z-shaped (b) astigmatically compensated cavity according to [178]. The
design of (a) is used for the Cr-lasers at 1.25 and 1.5 µm and the Tm-laser around 2 µm.
The design of (b) is used for the Yb-laser cavity at 1 µm. Mn denote spherical mirrors, λ/2
is an optional half-wave plate for polarization rotation of the pump radiation (e.g., used in
the Cr:YAG laser), L is the focusing lens for the pump, Pi are the prisms and OC denotes
the output coupler. Operation without prism pair results in picosecond pulses.
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The stability of the pulse train emitted by the lasers is examined recording radio
frequency (RF) spectra with a RF-analyzer (Rhode & Schwarz, 7 GHz) and a fast
PIN photo diode. Within the RF-spectrum intermode beats are visible at multiples
of the repetition rate of the laser (in the order of 100 MHz). Multi-pulsing, i.e., n
pulses circulating in the cavity, and Q-switching are easily detectable in the RF-
spectrum. For the former the intermode beats are spaced with a period of 1/n of the
repetition rate, and for the latter, sidebands located some 10 KHz above and below
the intermode beats appear.
Some laser pulses were assessed using a home-made interferometric SHG-based
frequency resolved optical gating (FROG) measurement according to [179]. After
measurement of the interferometric FROG-trace, the data of the fringe resolved
measurement is FFT-filtered in order to obtain the DC-part, which is subsequently
analyzed by the FROG retrieval program. This assessment results in a retrival of the
pulses E-field, optical spectrum, as well as the temporal and spectral phase. By fit-
ting a quadratic function to the spectral phase, the residual 2nd-order dispersion may
be extracted. Furthermore, the FROG technique allows for easy consistency checks
of the measurements by means of marginals [180]. Here, the frequency marginal,
which is simply speaking the SHG-intensity-FROG-trace integrated over time, is
the most useful one. The frequency marginals are calculated from the measured and
retrieved FROG trace and from the optical spectrum measured at the fundamental
wavelength.
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5.4 SWCNT mode-locked bulk lasers
SWCNTs have been applied as mode-lockers since 2004 [9] but throughout the first 4
years only fiber lasers were mode-locked using this versatile SA. Fiber lasers tolerate
much higher losses due to their gain of up to several ten dB [181] allowing for
the compensation of the nonsaturable losses introduced by the nanotube absorbers.
Different approaches have been presented for fiber lasers, like coating fiber end faces
[182], free-beam optical elements [183] or using the evanescent field in a D-shaped
fiber [184]. Bulk lasers, on the other hand, yield a smaller gain compared to fiber
lasers and are only reasonably operative if the losses of the laser cavity amount to at
most 10%. Fabrication processes have to be adapted to meet the higher requirements
for optical quality. Spin-coating of well-stirred polymer-nanotube mixtures allows
for a sufficient surface flatness and in turn optical quality. Nanotubes embedded
into a polymer layer may be coated onto highly reflecting mirrors or a transmitting
glass plates in order to obtain reflective or transmissive SWCNT-SAs.
This section presents the different results obtained with SWCNT-SAs in the
wavelength regions under study.
5.4.1 Ytterbium-doped lasers
15
  
10
 
 
5
 
 
0
900        950       1000      1050
Wavelength (nm)
σ
em
 / 
σ
ab
s(1
0-
20
 c
m
-2
)
λlas,1  
      λlas,2
600        1000        1400       1800       2200
        800         1200        1600        2000
Wavelength (nm)
Tr
an
sm
is
si
on
 (%
) 99.5
99.0
98.5
98.0
97.5
97.0
(a) (b)
Figure 5.7: (a) Emission (red) and absorption (blue) cross section of the 2F5/2 → 2F7/2-
transition of Yb3+ in KLuW. The spectral position of the lasers under study (green and
magenta line) are plotted with respect to the cross sections and to the measured optical
transmission of the arc-made SWCNT-SA (b). Figure (a) from [108].
In the 1 µm range, a monoclinic Yb:KLuW crystal was used as the laser gain medium.
The very same crystal previously showed pulse durations down to 83 fs using a
SESAM for passive mode locking at 1049 nm [185]. The SWCNT-SA used for this
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laser is based on arc-made SWCNTs. Figure 5.7(a) shows the emission cross section
of the 2F5/2 → 2F7/2- transition of Yb3+ in the KLuW crystal and relates the laser
operation wavelength to the emission cross section and the transmission of the arc-
made SWCNT [figure 5.7(a) & (b)]. The laser resonator setup applied is depicted
in figure 5.6(b).
A continous wave (cw) Ti:sapphire laser was applied as a pump source emitting
up to 2 W of output power near 980 nm. For diode-pumping of the Yb:KLuW laser
a single-stripe diode laser operating at 980 nm was used. The laser diode output was
limited to 2 W due to an inferior lateral beam profile at higher output powers. The
crystal was oriented for polarization parallel to the Np optical axis (see section 4.1),
and the low quantum defect of the laser active Yb3+-ion allows for operation of the
laser using solely passive cooling by the copper holder the crystal was mounted in.
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Figure 5.8: (a) Measured autocorrelation (symbols) and the corresponding sech2 fit (red
solid line) of the arc-made SWCNT-SA mode-locked Yb:KLuW laser. The inset shows the
measured optical spectrum. (b) Measured radio-frequency spectra of the Yb:KLuW laser,
showing the fundamental beatnote and a 1 GHz scan (inset). No spurious modulations are
visible down to 54 dBc below carrier.
First, the SWCNT-SA was incorporated into the cavity without using the dis-
persion compensating prisms. In this configuration picosecond mode-locking was
achieved yielding a pulse duration of 9.2 ps at a repetition rate of 88 MHz. The laser
was self-starting but tended to Q-switch. The incident pump power of 1.34 W yields
an average output power of 53 mW at 1046 nm. In this regime the fluence on the
SA amounted to ≈ 5.3 µJ
cm2
which is close to the saturation fluence of the absorber.
As the optical spectrum (not shown here) features steep edges, mode-locking
is clearly not solitary and pulse formation is ascribed to the passive amplitude
modulation by loss modulation of the SWCNT-SA.
For femtosecond operation utilizing soliton generation (section 4.3.3 on page 50),
the different amounts of dispersion, present in the cavity, need to be considered.
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The group velocity is explicitly dependent on the refractive index [see equation
(4.9)], therefore the material dispersion may be calculated by means of the Sellmeier
equations for the individual materials. This is shown for the laser host materials
used in this work in figure 4.3(a) on page 45. For the Nm principal optical axis
of the KLuW host, a GVD of about 130 fs2/mm is obtained, yielding a roundtrip
GDD due to the host material of approximately 780 fs2 (3 mm crystal thickness, two
passes per roundtrip).
By insertion of two SF10 Brewster prisms with a ttt-separation of 38 cm, stable
mode-locked operation was obtained. If the second prism is inserted about 4 mm
into the beam (i.e. the center wavelength propagates at a distance of approxi-
mately 3.7 mm away from the prism apex through the second prism), the calcula-
tion according to equation (4.12) yields a negative roundtrip-GDD of approximately
-2400 fs2 [121, 122], which compensates the overall positive GDD introduced by
the laser material and SPM. The cavity length is virtually unchanged, resulting in
a pulse-repetition rate of 89 MHz. When pumped with the Ti:sapphire laser, the
mode-locking threshold using the 1 % output coupler was approximately 270 mW
of incident pump power. The intensity autocorrelation trace, the corresponding fit
and the spectrum of the shortest pulses are shown in figure 5.8(a). If sech2-shaped
pulses are assumed, deconvolving the autocorrelation yields a FWHM pulse dura-
tion of 115 fs. The autocorrelation function (ACF) is shown in a semilogarithmic
plot for visual assessment of the fit with the data in the wings of the ACF.
The average output power amounted to 30 mW and the corresponding output
spectrum was centered at 1048 nm having a bandwidth of 11.3 nm. The time-
bandwith product ∆ν ·∆τ = 0.355 corresponds to nearly transform limited sech2-
shaped pulses. These pulses durations are shorter than those mentioned in the only
previous reference on SWCNT-SA mode-locked bulk lasers near 1 µm at the time of
the experiments. Schibli et al. reported a pulse duration of ≈ 200 fs for a Nd:glass
laser without further characterization [142]. In figure 5.8(b) the RF spectrum of
the arc-made SWCNT-SA mode-locked Yb:KLuW laser is shown. The 1 GHz span
(inset) and the first beat note, recorded at 1 kHz resolution bandwidth, do not show
spurious modulations down to 54 dBc relative to the carrier. This is a clear evidence
of stable cw mode locking.
Using the prism pair, the laser operates in the soliton-like mode locking regime,
whereas this assumption is supported by the optical spectrum and autocorrelation
trace, being well fitted using a sech2 intensity profile and an autocorrelation of a
sech2 pulse shape, respectively. The fit nicely reproduces the measurement down
to a relative ACF intensity of 5 · 10−3. Furthermore, the TBP close to the Fourier
limit for sech2 shaped pulses, confirms the assumption of this pulse shape. A more
detailed analysis applying the soliton condition (equation (4.23) of section 4.3.3) is
presented in section 5.6.2.
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Diode pumping using the same pump-, and cavity configuration with the SF10
prisms yields stable femtosecond mode locking as well. An incident pump power of
1.5 W yields a maximum mode-locked output power of 16 mW. Imperfect matching
between pump and resonator modes and the lower beam quality of the diode emis-
sion causes a lower efficiency compared to the experiments with Ti:sapphire laser
pumping.
Further laser parameters are the repetition rate frep = 89 MHz, pulse duration
τFWHM = 170 fs, center wavelength λc = 1045 nm, spectral bandwidth ∆λFWHM =
7.2 nm, and a time-bandwidth product ∆ν∆τ = 0.334, hence, also the diode-
pumped mode-locked Yb:KLuW laser delivers almost transform limited pulses. The
radio-frequency spectrum indicates a 61 dBc extinction ratio of the fundamental
beat note at 88.85 MHz, as measured with 3 kHz resolution bandwidth. Single-pulse
operation is confirmed by the wide-span measurements up to 1 GHz.
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1048 115 30 1 89 Ti:sa 55
[91] 
1045 170 16 1 89 LD 30
reflective 1049 83 24 1 84 Ti:Sa 100 [143] 
Table 5.3: Laser parameters of the arc-made SWCNT-SA mode-locked Yb:KLuW lasers
examined in this work. LD and Ti:sa denote pumping using a laser diode or Ti:sapphire
laser, respectively.
Assessment of the mode-locking stability
Modeling the laser cavity yields two distinct stability regions depending on the dis-
tance between M1 and M2. If this distance is 105 mm, the beam waist radius between
M3 and M4 is calculated to be in the order of 90 µm, whereas a smaller distance M1
- M2 of approximately 100 mm yields a smaller beam waist radius at the absorber
position of 30 µm. The latter stability region is more sensitve in terms of misalign-
ment of the cavity, and as in this work the distance M1 - M2 was set to values larger
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than 105 mm, operation in the according stability range, and a beam waist radius
of 90 µm between M3 and M4 are assumed. Furthermore the Brewster angle of the
transmittive SWCNT-SA is taken into consideration to calculate the fluence given
in table 5.4.1. Considering the SWCNT-SA saturation fluence of approximately
10 µJ
cm2
(table 5.2), the SAs operate at saturation parameters around 5 or 10 for the
transmittive and reflective samples, respectively. Those values are not critical with
respect to pulse-breakup (section 4.5.2).
In order to estimate the stability of the laser against Q-switching instabilities,
the criterion of section 4.5.1 is applied. The saturation fluence of the laser gain Fsat,L
is assessed according to [88] by
Fsat, L =
hνlas
σL
. (5.4)
Here σL denotes the emission cross section of the laser transition with frequency
νlas. In four-level laser media σL = σem, whereas in a quasi three-level system (see
section 4.1.1) the laser saturation fluence is given by [186]
Fsat, L =
hνlas
σem(F (λlas, T ) + 1)
. (5.5)
F (λlas, T ) is a function proportional to the ratio of the Boltzmann population dis-
tributions of the Stark manifolds involved in the laser transition and for Yb3+ it
may be approximated to be in the order of 1.15 at 300 K [187].
The black solid line in figure 5.9 shows the critical pulse energy EP, crit as a
function of the QML parameter βQML according to equation (4.26). The figure also
plots the calculated laser pulse energies of the results obtained with the Yb:KLuW
and the Yb:KYW lasers under Ti:sapphire laser pumping, and the Yb:KLuW laser
using laser diode pumping, respectively. The corresponding QML parameter βQML
for the individual laser active materials in the given resonator geometry is assessed
using equation (5.5).
In case of multiple results for one combination of laser gain medium and cavity
configuration, the result with the smallest pulse energy is plotted. For all Yb-doped
SWCNTS-SA mode-locked lasers, operation are expected to be stable against QML
instabilities even if the simple QML criterion is taken into account[cp. equations
(4.26) and (4.28)].
Damage
During alignment of the SWCNT-SA mode-locked Yb:KLuW laser, fluctuations
similar to Q-switching were observed. In the optical spectrum a large number of
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unstab
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Figure 5.9: Calculated stability of the Yb-doped lasers against Q-switching. The solid
black line denotes the stability criterion according to [88]. The data points represent the
calculated pulse energies for the Yb:KLuW and Yb:KYW lasers vs. QML-parameter. Re-
sults for different pumping schemes are shown. Using a typical SESAM with the same
cavity and crystal parameters, Fsat = 50
µJ
cm2
, and a ∆R = 1 %, βQML increases by a fac-
tor of about 40, EP, crit by a factor of
√
40 ≈ 6. Hence, the results shown would suffer
Q-switching instabilities using a SESAM, whereas they are in the stable cw-mode-locking
region for the SWCNT-SA used.
(>20) cw components fluctuated at different optical frequencies, covering a spectral
region less than a few nm. Laser optimization in this operation regime is delicate, as
damage may occur to the SWCNT-SA, which is indicated by sparks on the absorber.
The damage, however, is expected to occur in th polymer substrate and not in the
SWCNTs.
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5.4.2 Chromium-doped lasers
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Figure 5.10: (a) Emission cross section of the 3B2 → 3B1 transition of Cr4+ in YAG. (b)
The measured HipCO-made SWCNT-SA transmission. The green vertical line denotes the
spectral position of the Cr:YAG laser under study and the red line in marks the emission of
the HipCO-made SWCNT-SA mode-locked Cr:forsterite laser of reference [150], operated
at the Ajou University in Suwon, South Korea. Data in figure (a) is reproduced from[188].
The Cr3+-doped yttrium aluminium garnet (YAG) laser emits around 1.5 µm, de-
manding for SWCNT-SAs based on HiPCO-made nanotubes that exhibit an ab-
sorption in this wavelength region (see section 2.3.4).
A 10 W cw Nd:YVO4 laser (Spectra-Physics) operating at 1.064 µm is used as
pump source. The Cr:YAG crystal is Brewster-cut and has a length of 20 mm.
A flat, wedged output coupler with a 2% transmission at the lasing wavelength
was used in a cavity setup depicted in figure 5.6(a). Because of a series of water
absorption lines between 1.36 and 1.5 µm negatively effecting the laser stability
[189], the whole oscillator was enclosed in a box and purged with dry nitrogen for
stable pulsed femtosecond operation. Without dispersion compensating prisms, the
passively mode-locked self-starting Cr:YAG laser produced stable picosecond pulses
of 4.4 ps duration. Other laser parameters are a spectral bandwidth of 1.4 nm, a
central wavelength of 1505 nm, a repetition rate of 87.9 MHz, and a TBP of 0.823.
The latter indicates that pulse formation is not due to the formation of solitons, but
rather due to self-amplitude modulation caused by gain and loss filtering. In this ps-
setup a tuning range larger than 70 nm between 1435 and 1505 nm was realized but
at wavelengths below 1450 nm a decrease of the laser spectral width was observed,
which is attributed to the increasing residual water absorption and the short-wave
limit of the dielectric mirrors used.
In reference [190] the round-trip GDD of the 20-mm-long Cr:YAG rod at 1.5 µm is
measured to be + 450 fs2 which is on the same order of magnitude as the calculation
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using equations (4.8) - (4.10), giving approximately +530 fs2. The calculated round-
trip refractive GDD of the prism pair according to equations (4.12) and (4.13) is
approximately - 1,300 fs2. Here the center wavelength of 1.5 µm passes second prism
in a distance of approximately 2 mm from its apex, corresponding to a horizon
wavelength of 1000 nm [122]. The latter corresponds to the short-wavelength end of
the Cr3+-emission shown in figure 5.10(a).
Tuning of the center wavelength is possible by adjusting the second prism in
combination with a knife edge and the mode-locked tuning range extends from
about 1.46 to 1.50 µm [figure 5.11(a)].
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Figure 5.11: (a) Measured tunability of the HipCO-made SWCNT-SA mode-locked
Cr:YAG laser over 40 nm aligning a prism and a knife edge. The spectral width de-
creases for shorter central wavelengths. (b) Average output power of the HipCO-made
SWCNT-SA mode-locked Cr:YAG laser. The vertical line indicates the transition from
the continuous-wave (CW) to the mode-locked (ML) regime.
Shorter central wavelengths result in narrower optical spectra, and mode-locked
operation becomes less stable. A longer N2 purging time stabilized mode locking
in the entire tuning range. Figure 5.11(b) shows the average output power versus
the input pump power measured for femtosecond operation at 1.5 µm, yielding a
slope efficiency of ≈10%. From slightly above threshold (Ppump = 3.2 W) up to the
maximum average output power of 110 mW (Ppump = 4.26 W), stable self-starting
mode-locked operation was achieved. This range corresponds to an incident pump
fluence on the SWCNT-SA of 0.05 – 0.33 mJ
cm2
, sufficient for bleaching the absorption.
A higher pump power may be applied, but it results in strong spectral modulations
and pulse breakup into multiple pulses (see section 4.5.2). The intensity autocorrela-
tion function is fitted assuming a sech2 pulse shape [equation (4.22)] and the shortest
laser pulses yield a pulse duration of 92 fs. The plot is given on a semi-logarithmic
scale to show, that the fit nicely matches the data down to a relatvie ACF intensity
of about 2 · 10−3. The time-bandwidth product of 0.33 is calculated from this pulse
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duration and the measured FWHM spectral bandwidth of 27 nm, which is centered
at 1495 nm. The autocorrelation and optical spectrum are shown in figure 5.12(a).
Compared to the laser output without the dispersion compensating prism pair, the
optical spectrum shows a smooth progression with a sech2 profile, instead of a steep
optical spectrum. Furthermore, the TBP is close to the transform-limited value of
0.315, presenting another indication for the presence of solitary mode-locking. In
section 5.6.2, the soliton condition is used for assessment of the solitary character
of mode-locking in Cr:YAG.
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Figure 5.12: (a) Measured autocorrelation (symbols) and sech2 fit to the data of the
HipCO-made SWCNT-SA mode-locked Cr:YAG laser. The inset shows the corresponding
optical spectrum. (b) Measured radio-frequency spectra of the HipCO-made SWCNT-SA
mode-locked Cr:YAG laser showing the fundamental beat-note at the pulse repetition fre-
quency frep = 84.55 MHz and a 1 GHz scan (inset).
Figure 5.12(b) shows the recorded radio frequency spectra of the laser. The
high resolution RF-spectrum shows a sharp peak at the fundamental beat note of
84.55 MHz, as well as a high extinction ratio of 66 dBc from the noise level. The
high harmonics of the fundamental beat note are shown in the inset. The measured
RF spectra indicate stable single-pulse mode-locked operation without any signs of
Q-switching instabilities and multiple pulsing.
In further experiments, applying improved HipCO-made SWCNT-SAs, signifi-
cantly shorter pulses of 50 fs duration with an increased spectral bandwidth of more
than 50 nm were obtained. For characterization of those pulses the FROG tech-
nique described in section 5.3 was performed. Figure 5.13(a) shows the measured
FROG trace (a) next to the retrieved FROG-trace in figure 5.13(b). The measured
trace shows a small asymmetry ascribed to fluctuations in the laser output during
the measurement, spectral dependencies of phase matching or the applied spec-
trometers. From the FROG-retrieval a pulse duration of 48 fs [see figure 5.14(a)]
was obtained. This pulse duration is in good agreement to noncollinear SHG au-
tocorrelation measurements (Femtocrome autocorrelator FR-103XL). The spectral
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Figure 5.13: (a) Measured and (b) retrieved FROG-trace of the HipCO-made SWCNT-
SA mode-locked Cr:YAG laser.
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Figure 5.14: FROG measurement of the HipCO-made SWCNT-SA mode-locked Cr:YAG
laser. (a) The retrieved electric field envelope (black) and the according temporal phase
(red). (b) The measured (green) and retrieved (black) optical spectrum, as well as the
spectral phase (red).
bandwidth resulting from the FROG-retrieval is 65 nm, but shows small fluctua-
tions in the wings of the spectrum. The measured and retrieved optical spectra are
shown in figure 5.14(b) with the spectral phase being plotted in the same figure.
The FROG-error on a 1024 x 1024 grid size is 0.02.
One drawback of the SHG FROG measurement is the fact that the sign of the
second order dispersion represents an ambiguity [191]. That is to say the absolute
value of the GDD from the fit may be retrieved correctly, but the sign has to be
checked separately. This stems from the fact that the time reversed E-field E(−t)
generates exactly the same FROG trace like the E-field E(t). Within the FROG-
retrieval of such a FROG-trace one of the solutions is retrieved, depending on the
initial guess.
84
SWCNT mode-locked bulk lasers 5.4.2 The Cr-doped YAG laser
As proposed in [191], the check for the correctness of the sign may be done, e.g.
by introducing a small pre-pulse to the main pulse by inserting a thin glass plate.
Another approach is the insertion of an additional material of defined thickness and
known dispersion followed by a comparison of the dispersion extracted from the
measurement with and without the material. If the evolution of the value of the
dispersion behaves like expected, the retrieved sign of the GDD is correct. Otherwise
the E-field has to be temporally reversed and the dispersion curves mirrored at the
wavelength axis.
The retrieved spectral phase was used for determination of the GDD. The spec-
tral phase is plotted versus frequency and fitted by a polynomial of second order.
The coefficient of the fitting functions quadratic term corresponds to the second
order dispersion. Doing so with the above shown data a residual second order dis-
persion of D2 = −285 fs2 is obtained.
For testing the sign of the extracted GDD in the Cr:YAG laser, one FROG mea-
surement is performed without additional material and a second measurement with
a 3 mm thick ZnSe plate, introducing a GVD of +400 fs
2
mm
, i.e., an overall additional
GDD of ≈1200 fs2. From the first measurement without additional material an aver-
age GDD of |D2| = 584 fs2 is extracted. This value differs from the GDD extracted
from the first FROG measurement by ≈ 300 fs2 because of necessary re-alignment
of the laser cavity. The obtained values are listed in table 5.4, and in conclusion,
the extracted net negative dispersion confirms former reports for this type of laser
[192, 193].
GDD in fs 2
Measured w.o. material ≈ +600
Possible values +600 -600
3 mm ZnSe plate +1200
Possible overall value +1800 +600
Measured with ZnSe plate +890
Assumption correct? × X
Table 5.4: Assessment of the sign of GVD. The laser output is evaluated without (w.o.)
additional material and with a 3 mm ZnSe plate. The sign of GVD was found to be
negative.
It is to note that purging was not essential in this operation mode, neither with
the HipCO-made SWCNT-SA, nor using the graphene-SA in this configuration (see
section 5.5.2 on page 105). Mode-locking becomes unstable for a laser tuned below
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Cr:YAG
1495 92 110 85 2 80 135 14 [153] 
1500 48 67 85 2 80 80 7 -
Table 5.5: Results using HipCO-made SWCNT-SAs to mode-lock chromium-doped lasers.
Note that the forsterite laser of reference [150] is listed for comparison and was operated
at Ajou University Suwon, South-Korea. ~ replacement necessary to obtain a saturation
parameter of S=10, assuming Gaussian beam propagation and a minimum beam waist
radius of 90 µm.
1.5 µm, which is ascribed to the increasing water vapor absorption with decreasing
wavelength [194]. A similar report shows a mode-locked Cr:YAG laser with a central
wavelength down to but not below 1488 nm [195]. The set-up used in the present
work required purging to operate at central wavelengths at and below 1496 nm,
whereas the laser with the non-purged cavity operates at a central wavelength of
≈1515 nm. In the latter case the spectral tuning is performed by means of the
output coupler alignment and by introducing a knife edge in between the dispersion
compensating prisms.
In case of the purged cavity, the onset of transmission of the cavity mirrors limit
the tunability. This short-wavelength limit of stable mode-locking in the cavity
under study can be clearly seen in the tuning experiment in figure 5.11(a) where
the optical spectrum seems to be ’pressed’ against a lower wavelength limit. As
confirmed by section 5.5.2, the short wavelength pedestal of the optical spectra does
not extend significantly to wavelengths below 1450 nm. The Cr:YAG laser active
material, however, would support much shorter wavelengths down to 1340 nm [196]1.
Except the suppression of water vapor influence, there is virtually no difference
between the cavity in air or purged with nitrogen. The optical cavity length change
is insignificant (as the change in refractive index is ∆n ≈ 2 · 10−5) and the material
dispersion in both gases is practically the same.
1 The emission cross section extends to approximately 1 µm [188]
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The stability of the operating lasers is assesses according to section 4.5.1 (details
on the procedure are given in the previous section on page 79). Figure 5.15 shows
the pulse energies obtained with the chromium doped lasers(triangles), the QML
criterion (solid line) according to equation (4.26) and the pulse energies obtained
with the Yb-lasers for comparison. From the results listed in table 5.5, the lowest
pulse energy is plotted or each laser configuration. Lasers with higher pulse energy
are expected to be more stable against QML instabilities. It is to be noted that the
Cr:forsterite laser was operated at the Ajou University in Suwon, South Korea.
unstable
stable
Figure 5.15: Stability of the HipCO-made SWCNT-SA mode-locked chromium-doped
lasers against Q-switching. The solid black line denotes the stability criterion according to
reference [88]. The data points represent the calculated pulse energies for the Cr:forsterite
and Cr:YAG lasers (triangles) and the Yb-lasers (circles, square) for comparison.
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5.4.3 Thulium-doped lasers
The Tm:KLuW laser
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Figure 5.16: Absorption (blue) and emission (red) cross section of the 3F4 → 3H6-
transition of Tm3+ in KLuW for polarization parallel to Nm(a), and the arc-made SWCNT
transmission (b). The spectral position of the center emission wavelengths of the lasers
under study (green and magenta lines) are indicated in both plots. The former marks the
wavelength of the laser before replacing the cavity mirrors by high-pass dielectric mirrors,
the latter after the replacement. The high-pass mirror set shifts the emission wavelength
above 2 µm, which is preferable for femtosecond mode-locked operation. Figure (a) taken
from reference [108].
In the 2 µm range, the Tm-doped KLuW host was under study. The corresponding
absorption and emission cross section of the 3F4 → 3H6- transition of Tm3+ in
KLuW is shown in figure 5.16(a). Using cavity mirrors specified for a wavelength
range between 1.9 and 2.05 µm, the laser operates at a center wavelength around
1.95 µm, denoted by the green line in the figure. To achieve an emission at longer
wavelengths, low-pass mirrors have to be applied for the resonator to spectrally
shift the emission above 2 µm, which is indicated by the magenta line. the low-pass
mirrors yield an increasing transmission for decreasing wavelengths (8 and 84% at
2 and 1.96 µm, respectively).
The Tm-doping level of the KLuW crystal is 3 at.%, it has a thickness of 2.92mm
and an aperture of 3 x 3mm2. The laser crystal was positioned for polarization of
the laser parallel to the Nm principal optical axis, i.e. propagation along the Ng
axis.
At wavelengths around 2 µm, arc-made SWCNT-SAs need to be applied in the
Tm:KLuW cavity (see section 2.3.4). Incorporating the transmission type of this SA,
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either Q-switching or stable mode-locking without any Q-switching was achieved.
By means of changing the effective beam waist (and hence the fluence) on the
SWCNT-SA, it is possible to switch between the different modes of operation.
In the Q-switched regime, the laser operates at a repetition rate of ≈ 33 kHz, and
an average output power of 170mW was obtained.
FWHM = 0.45 nm
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Figure 5.17: Measured autocorrelation (symbols) and sech2 fit to the data of the arc-made
SWCNT-SA mode-locked Tm:KLuW laser (a). The corresponding optical spectrum (b) is
measured with 0.2 nm resolution.
In the mode-locked regime, 9.7 ps pulses were measured with the self-made inten-
sity autocorrelator (section 5.3). The corresponding output spectrum was centered
at 1944 nm and features a FWHM bandwidth of 0.45 nm (measured at a spectral
resolution of 0.2 nm using a 0.5m monochromator). The calculated time-bandwidth
product is 0.347, which is close to the Fourier limit for a sech2-shaped pulse, and the
output power amounted to 240mW at a pump level of 1.86W. Figure 5.17 shows the
autocorrelation and the optical spectrum of this first demonstration of a SWCNT-SA
mode-locked bulk laser at 2 µm at the time of the experiment. The semi-logarithmic
plot reveals, that for relative ACF intensities down to 10−3, the ACF fit function
well describes the data and overestimates them for smaller intensities. However, due
to the long pulse duration, only few data points are available in the wings of the
autocorrelation, rendering this estimation difficult. Compared to the ’quality’ of the
fit of the Yb:KLuW and Cr:YAG lasers, the discrepancy between fit and data starts
being visible at higher relative ACF intensity values. This fact is reflected in the
larger TBP for the Tm:KLuW laser as well. An analysis of the soliton condition is
given in section 5.6.2. The RF spectrum of the arc-made SWCNT-SA mode-locked
Tm:KLuW laser (shown in figure 5.18) yields the carrier being > 60 dB above noise
level and the wide-span measurement (inset) does not show spurious modulations,
which indicates stable cw single-pulse operation without Q-switching.
To assess the stability of the mode-locked operation against Q-switching, the
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Figure 5.18: Measured RF spectra of the arc-made SWCNT-SA mode-locked Tm:KLuW
laser. The fundamental beat note at the laser repetition rate is 60 dBc above the noise floor
and no spurious modulations are visible. The inset shows the wide span RF up to 1GHz.
saturation fluence of ≈10 µJ
cm2
at 2 µm, a modulation depth of the SWCNT-SA of ≈
0.5% and a calculated waist size on the absorber of 30 µm are assumed. Considering
the emission cross section [108], the influence of the three-level nature of Tm [186]
and common ratios of the partition functions for Tm in the order of 1.5 [197],
a QML parameter of approximately 70 nJ2, and subsequently EP, crit ≈ 8 nJ are
obtained. The Tm:KLuW laser reaches this critical pulse energy if the average
output power surpasses approximately 15mW. With this value slightly above the
lasing threshold, the laser is practically unconditionally stable against Q-switched
mode-locking, confirming the estimation of [154]. The stability of the Tm laser
against Q-switching is re-discussed within figure 5.23 at the end of this section.
For laser operation in the wavelengthrange around 2 µm the center wavelength
plays an important role for the generation of ultrashort pulses. So far, all femtosec-
ond mode-locked solid-state lasers did not operate substantially below 1980 nm [198].
In the first place, water vapor absorption (similar to the obstacles present in the
Cr:YAG laser in section 5.4.2) is assumed to be the main cause preventing broad-
band mode-locking with femtosecond pulse durations. However, purging the whole
cavity with dry nitrogen to minimize the influence from water vapor was not helpful
to broaden the optical spectrum and shorten the pulses. Another explanation may
be absorbed or adsorbed water influencing the laser if present in condensed form
in or on the absorber. The concentration of absorbed water may be in the order
of 0.3% - 0.4% of the PMMA weight [199], whereas for the latter no exact values
are known. However, no systematic study proofs this suggestion, and so far, the
question why mode-locking below 1980 nm is not possible remains a puzzle. One
possibility to overcome this limitation is to shift the operating wavelength to longer
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values by means of wavelength-selective cavity mirrors.
Therefore, the dielectric mirrors operating in the 1.9 - 2.05 µm range were re-
placed by specially designed short-pass mirrors. Those mirrors yield a transmission
of T≈ 8 % at 2000 nm, rapidly increasing for shorter wavelengths. The mirrors are
highly reflective at wavelengths ≥ 2.05 µm and hence the lasing wavelength is ex-
pected to shift towards longer values.
The Tm-doped KLuW crystal features a broad emission cross section extending
up to≈ 2050 nm (see, e.g., figure 4.2(a) or reference [200]), potentially allowing lasing
above 2 µm. After mirror replacement, the emission wavelength shifted to 2034 nm,
but mode-locked laser operation required incorporation of a pair of Brewster-cut
CaF2 prisms. The prisms were separated by 34 cm, introducing a negative GDD of
approximately -1100 fs2 per round-trip. When the laser started mode-locking, the
pulses emitted were substantially shorter than in the first experiments, yielding an
accordingly increased spectral bandwidth. As the material dispersion of KLuW at
this wavelength is -270 fs
2
mm
, fine tuning by means of prism material dispersion is
limited to an unidirectional change towards lower values of the GDD.
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Figure 5.19: (a) Measured intensity autocorrelation of the arc-made SWCNT-SA mode-
locked Tm:KLuW laser (symbols) and the sech2 fit (red). The laser operates at a center
wavelength larger than 2 µm, and the corresponding optical spectrum is shown in the inset.
The pulse shape is not a sech2. (b) Measured radio-frequency spectra of the Tm:KLuW
laser showing the fundamental beat-note and a 1 GHz scan (inset).
For the Tm:KLuW laser, the stability of the laser output and the single-mode
operation were verified using RF-spectra as well. The spectra recorded with a reso-
lution bandwidth of 1 kHz and 3 kHz are shown in figure 5.19(b). The fundamental
beat-note exhibits an excellent signal to noise ratio of the carrier being 68 dB above
the noise floor. Furthermore no sidebands or spurious modulations are detected,
indicating cw-mode-locked single-pulse operation.
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The pulse duration was measured with the background-free noncollinear autocor-
relator, and a sech2-fit resulted in a pulse duration of 145 fs with an unsatisfactory
match of the fit to the data [see figure 5.19(a)]. The optical spectrum [inset of figure
5.19(a)] shows a clear double hump structure which is not expected for a sech2 beam
shape. The spectrum encompasses 100 nm (foot to foot) but the FWHM extracted
from the optical spectrum is only 26.5 nm. Using this bandwidth, a TBP of 0.272
is obtained. As discernible from figure 5.19(a), assuming a sech2 pulse shape, the
pedestals of the intensity autocorrelation are not fitted correctly. Furthermore, the
TBP proves, that pulse formation is not solitary in this case. The shape of the
optical spectrum and the TBP indicate the presence of asymmetric pulse shapes,
which yield TBPs down to 0.22 [137].
If the intensity autocorrelation is used for pulse retrieval, ambiguities in the
direction of the pulse and in the sign of GVD are present and may even result in
a failing pulse retrieval [201]. As discussed in [201], and improved in [202], a cross
correlation is necessary for ambiguity-free pulse retrieval. This may be realized
by placing a dispersive element - introducing a known dispersion to the pulse -
in one arm of the interferometer. One possible pulse shape, obtained via FFT
from the optical spectrum, is depicted in figure 5.20(b). A pulse shape with only
one leading or trailing pedestal may result in the same autocorrelation as well.
Hence, conclusions about the exact pulse shape may not be drawn. Nevertheless,
the following analytical approach allows to estimate how close the achieved pulse
duration reaches to the fundamental limit set by the measured bandwidth.
In the first step the measured optical spectrum [plotted versus frequency, figure
5.20(a)] is Fourier transformed. This Fourier transformation yields one possible
(shortest) pulse envelope of the E-field supported by the optical spectrum [figure
5.20(b)] ]. With this theoretical pulse, an autocorrelation signal is calculated (figure
5.20(c), solid line), and to fit the calculated autocorrelation trace to the measured
one (figure 5.20(c), dots), GVD and TOD are incorporated as fitting parameters.
The best match of the measured and calculated autocorrelation trace is shown in
figure 5.20(d), and was obtained adding a GVD of -2580 fs2 and a TOD of ≈16,000 fs3
to the theoretic E-field. The optical spectrum was found to theoretically support
134.5 fs. The above mentioned evaluation extracts a pulse duration of 142 fs from
the measurement, which is about only 5% longer than the minimum supported pulse
duration. The main laser parameters of the obtained laser results are grouped with
the laser results of the following section and listed in table 5.6.
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Figure 5.20: Evaluation of pulses from a Tm:KLuW laser with asymmetric spectrum.
(a) The optical spectrum is plotted vs. frequency and extrapolated to zero intensity. (b)
The Fourier transform of the spectrum represents one possible shortest pulse theoretically
supported. (c) The autocorrelation of this pulse (blue, solid) needs to be fit with the mea-
sured autocorrelation (red dots). (d) To compare the calculated autocorrelation (blue, solid)
and the measured data (red dots), the E-field of (b) is charged with GDD and TOD before
generating the autocorrelation. The amplitudes in all four figures are normalized to 1.
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The Tm:Lu2O3 laser - operation at zero dispersion
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Figure 5.21: Emission cross section of the 3F4 → 3H6-transition of Tm3+ in Lu2O3 (a),
and the linear transmission of the arc-made SWCNT-SA (b). The spectral position of the
center wavelengths of the arc-made SWCNT-SA mode-locked Tm:Lu2O3 laser is denoted
by the green and magenta lines, before and after replacing the cavity mirrors by high-pass
dielectric mirrors, respectively. The high-pass mirror set shifts the emission wavelength
above 2 µm, being better suited or mode-locked operation . The emission cross section of
(a) is from [203].
Apart from the Tm3+-doped double tungstate KLuW, in this thesis, one represen-
tative of the class of sesquioxides (see section 4.1) was applied for pulse generation
around 2 µm. The emission cross section of the 3F4 → 3H6 transition of Tm3+
in lutetia (chemical formula Lu2O3) is shown in figure 5.21(a), together with the
transmission of the arc-made SWCNT-SA (b). The operation wavelengths of the
Tm:Lu2O3 laser are indicated by the green and magenta lines, using the broad-
band (highly reflective for 1.9 - 2.05 µm) and low-pass cavity mirrors (transmitting 8
and 84% at 2000 and 1960 nm), respectively. Comparing the two crystalline hosts
KLuW and Lu2O3, the emission cross sections [figures 5.16(a) and 5.21(a)] already
indicate an inherent difference. The Tm:KLuW laser active material yields a maxi-
mum emission cross section around 1.85 µm, operating preferentially at wavelengths
below 2 µm, whereas the Tm:Lu2O3 laser active material shows the maximum about
100 nm red-shifted, around 1.95 µm. The latter also features a spectral local max-
imum and a smooth optical spectrum in the wavelength range between 2.05 and
2.1 µm, being beneficial for mode-locked operation at wavelengths longer than 2 µm.
Figure 4.3(a) shows, that Lu2O3 yields a GVD close to zero at wavelengths
around 1.95 µm. With the previously used cavity mirrors (highly reflective for
wavelengths between 1.82 - 2.05 µm), the 1 at.% Tm-doped Lu2O3 crystal showed
mode-locking without the prism pair, but rather long pulses of 31 ps were obtained.
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Operating at a center wavelength of 1965 nm, the laser gain medium introduces a
very small amount of negative GDD of about -10 fs2 per round trip. The laser repe-
tition rate amounts to 128MHz, and 88mW of average output power were obtained
using the 1.5% output coupler.
Shorter pulses were not obtainable and therefore, the CaF2 prism pair and the set
of low-pass mirrors were incorporated into the cavity. As the emission cross section
is reduced by about a factor of three at wavelengths above 2 µm, mode-locking
was not achievable with the 1 at.% Tm-doped crystal. The samples doped with
1.8 and 5 at.% Tm, in contrast, showed mode-locking in the femtosecond regime,
accompanied by a shift of the center wavelengths to 2061 and 2070 nm, respectively.
The wavelength shifts to these values because of a local peak in the emission cross
section in this wavelength region (see figure 5.21(a) [203]).
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Figure 5.22: Measured autocorrelation (a) of the arc SWCNT-SA mode-locked Tm:Lu2O3
laser. The optical spectrum (inset) is centered at 2070 nm. The RF spectra (b) show the
fundamental beat-note and an 1GHz scan (inset).
The femtosecond mode-locked lasers yield a pulse duration of 279 and 175 fs,
respectively. Due to a resonator length increase caused by the insertion of the prism
pair in one resonator arm, the pulse repetition rate decreased to approximately
90MHz. The obtained average output powers with the 1.8 and 5 at.% Tm-doped
Lu2O3 are on the order of 30mW. Figure 5.22 shows the semilogarithmic autocorre-
lation and optical spectrum (a), and the RF-spectra (b) of the arc-made SWCNT-
SA mode locked 5 at.% Tm:Lu2O3 laser. Down to a normalized ACF intensity of
5 · 10−3, the ACF fitting function nicely matches the data, whereas the wings of the
autocorrelation data are governed by noise yielding fluctuating data. Section 5.6.2
further analyzes the soliton condition for assessment of the present mode-locking
mechanism.
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Tm:KLuW
1944 9700 240 126 1.5 210 14 [154] 
2037 141 26 88 0.2 240 15 [156] 
1.0 %
1.8 %
5.0 %
- Tm:Lu2O3
1965 31,000 88 126 1.5 75 -
[155] 2061 279 30 90 0.2 275 17
2070 175 36 88 0.2 340 19
Table 5.6: Results arc SWCNT-SA mode-locked lasers at 2 µm (Tm-doped) obtained in
this work. ~ replacement necessary to obtain a saturation parameter of S=10, assuming
Gaussian beam propagation and a minimum beam waist radius of 90 µm.
The maximum fluence on the SAs listed in table 5.6 is in a similar range for the
different lasers. Assuming a saturation fluence of 10 µJ
cm2
(table 5.2), the maximum
saturation parameter for the SWCNT-SAs is in the order of 20-30. According to
reference [88] a saturation parameter below 10 is necessary to avoid pulse-breakup
(see section 4.5.2). The SWCNT-SAs designed for transmission allow to decrease
the fluence by moving the absorber away from the beam waist in either direction
(see figure 5.6), reducing the possibility of pulse-breakup2. The SA replacements
necessary to avoid pulse-breakup are given in table 5.6 as well.
Assessment of the laser stability against QML-instabilities was performed accord-
ing to section 4.5.1. In figure 5.23, the pulse energies of the laser results obtained
with SWCNT-SAs are shown. The solid curve represents the critical pulse energy for
cw mode-locking without Q-switching instabilities according to reference [88]. The
plot indicates that all lasers are assumed stable against Q-switching. Compared to
the other lasers under study, the pulse energies of the Tm-lasers are elevated, be-
cause of the low output coupling of 0.2 %. As the QML parameter βQML ∝ (σem)−1,
the lower emission cross sections of Tm:KLuW and Tm:Lu2O3 at 2037, respectively
2070 nm, result in a larger βQML. Due to the increased QML parameter, the criti-
cal pulse energy EP,crit is increased by approximately
√
3. However, the Tm-doped
lasers operate 7 and 9 times above the corresponding critical pulse energy EP,crit,
2 One also has to consider that the assumed beam waist radii are calculated for ideal cavities.
It is estimated that beam waist radii in real cavities may differ by 10 %.
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resulting in an decreased probability for Q-switching instabilities.
 sta
ble
unst
able
Figure 5.23: Stability of cw mode-locking against Q-switching for all lasers of this work
mode-locked with a SWCNT-SA. The solid curve represents the critical pulse energy vs.
The QML parameter according to equation (4.26). All pulse energies obtained for the dif-
ferent laser types (symbols) lie above the curve, indicating stable cw mode-locked operation.
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Figure 5.24: Transmission spectra of the broadband HipCO-made SWCNT-SA (a) and
the ultrabroadband (octave-spanning) HipCO+arc-made SWCNT-SA (b). The vertical
lines denote the central wavelengths of the lasers that were mode-locked using the same cor-
responding absorber type. The colors denote the laser type, i.e., Yb:KYW and Yb:KLuW
(red), Cr:forsterite (green), Cr:YAG (blue) and Tm:KLuW (magenta). The exact wave-
lengths are listed in table 5.7.
As mentioned in section 2.3.4, some HipCO-made SWCNT-SA feature a relatively
large diameter distribution, resulting in a broadband absorption, that may extend
to wavelengths around 1 µm. Figure 5.24(a) shows the transmission spectrum of
such a broadband HipCO-made SWCNT-SA. Figure 5.24(b) re-plots figure 2.15
from section 2.3.5, showing the octave spanning absorption of a SWCNT-SA based
on the mixture of Arc- and HipCO-made SWCNTs. In the transmission spectra of
both absorber types, the wavelengths of the lasers, mode-locked by means of the
corresponding SWCNT-SA, are marked by the vertical lines.
As the SAs were produced via spin coating on a 1 mm thick quartz plate, appli-
cation of one and the same absorber in different spectral regions was unproblematic.
Mode-locking of all three, respectively four lasers was self-starting or could be initi-
ated by a slight perturbation of the cavity, e.g., shaking a prism.
Figure 5.25 shows the measured autocorrelation traces of the four bulk lasers
mode-locked with the ultrabroadband HipCo + Arc-made SWCNT-SA in a semilog-
arithmic plot. The pulses generated were nearly Fourier-limited for all lasers assum-
ing a sech2 shape and the durations measured were well below 200 fs in the case of
Yb3+ and Cr4+-doping and ≈ 550 fs for the Tm3+ laser. The fit to the data is good
down to a normalized ACF intensity of 1 ·10−2 or better. Table 5.7 lists the relevant
laser parameters for the lasers mode-locked by the broadband and the ultrabroad-
band SWCNT-SAs. In the radio frequency spectra of all lasers, the noise level has
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been measured to be at least 55 dB below carrier, and in none of the 1GHz span RF
spectra parasitic frequencies were observed. This confirms stable cw mode-locking
without Q-switching instabilities.
This successful application of one and the same SWCNT-SA in different spectral
regions emphasized the versatility of SWCNTs over SESAMS. The latter are com-
monly designed for a defined spectral region and their application is limited to this
wavelength range.
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Figure 5.25: Mode-locking of the 4 different lasers between 1 and 2 µm, using the octave
spanning HipCO + arc-made SWCNT-SA. Each subplot shows the autocorrelation (black),
the fit (red, solid) to the data, and the corresponding optical spectrum as inset. The center
wavelength (blue), pulse duration and time-bandwidth product are given as well.
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Broadband
SWCNT-
SA
Yb:KYW 1040 133 160 87 1 300 34 
Cr:forsterite 1240 100 230 79 7 350 6
Cr:YAG 1500 92 110 85 2 140 8 
Octave-
spanning
SWCNT-
SA
Yb:KLuW 1070 84 62 90 1 110 9 
Cr:forsterite 1250 118 250 79 7 380 7
Cr:YAG 1490 113 85 85 2 100 0 
Tm:KLuW 2065 555 37 88 0.2 350 19 
Table 5.7: Comparison of the main laser parameters using the broadband HipCO
SWCNT-SA and the octave-spanning HipCO + arc SWCNT-SA. The Cr:forsterite laser
was operated at the Ajou University Suwon, South Korea. Results published in references
[75] and [80]. ~ replacement necessary to obtain a saturation parameter of S=10.
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5.5 Graphene mode-locked bulk lasers
5.5.1 Ytterbium-doped laser
In this section the graphene-SA mode-locked Yb:KLuW is presented. The samples
under study were produced via exfoliation as described in [23] and the laser setups
are identical to the one applied for the SWCNT-SA mode-locked lasers (figure 5.6).
In the first part of the experiment, the Yb:KLuW laser was pumped using a diode
laser incorporating a distributed Bragg reflector[204] at 978 nm, and subsequently
Ti:sapphire laser pumping was applied.
After optimization of the cw laser performance, the graphene SA and two SF10
prisms with a tip-to-tip separation of 39 cm were inserted into the resonator, operat-
ing at a pulse repetition frequency of 92.5 MHz. The positive second order dispersion
introduced by SPM, the laser crystal and the quartz substrate of the SA is balanced
by the negative dispersion introduced by the prisms (approximately -2400 fs2, see
section 5.4.1). The transition between cw operation and mode-locking occurs at an
absorbed pump power of 660 mW for the 1 % OC. At the mode-locking threshold,
the laser output power amounts to 16 mW. Figure 5.26(a) shows the semilogarithmic
autocorrelation trace and the optical spectrum of the shortest pulses obtained. The
ACF of an assumed sech2 pulse profile well fits the data to a normalized ACF inten-
sity of about 7 · 10−3. The deconvolved FWHM of the shortest pulses is 160 fs at an
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Figure 5.26: (a) Measured autocorrelation trace and sech2-fit of the graphene mode-locked
Yb:KLuW laser. The corresponding optical spectrum is shown in the inset. (b) RF spectra
of the laser, recorded at the repetition rate of frep = 92.5 MHz and a 1GHz scan (inset).
average output power of 47 mW. The central wavelength of the emission spectrum is
located at 1047 nm, and a bandwidth of 7.1 nm was measured. The calculated cor-
responding time-bandwidth product is 0.32, which nearly equals the Fourier limit.
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Figure 5.26(b) depicts the radio frequency spectrum of the fundamental beat note
at 92.5 MHz recorded with a RBW of 1 kHz and a 1 GHz wide-span measurement
(inset) for the shortest pulse operation. The carrier is 50 dBc above the noise floor,
and no spurious modulation can be seen in the RF spectra, indicating clean cw
mode-locked operation.
The laser was not reliably self-starting, but already a slight perturbation initi-
ated mode-locked operation. At the expense of a slightly longer pulse duration of
203 fs, higher output power of 160 mW was obtained using the 5 % OC. The central
wavelength did not change, and the pulses remained bandwidth-limited. In this
operation mode, the laser showed improved stability against perturbations and fine
spectral tuning was easily realized. Placing a knife edge between the two prisms, a
tuning range of 14 nm, from 1036 to 1050 nm was obtained. Tuning of the laser, the
pulse duration slightly increased but pulse duration did not surpass 300 fs and the
average output power loss due to tuning was below 30 %.
The active laser material theoretically supports pulses well below 100 fs [185].
Applying the graphene SA, it was possible to exploit this short-pulse potential to a
certain degree. Pulse durations down to ≈ 90 fs were recorded, but stabilizing this
regime was not possible.
Under Ti:sapphire laser pumping - allowing for a better overlap of the pump
beam and resonator mode - mode-locking applying the graphene SA was possible,
too. Using the single layer sample, pulse durations down to 84 fs were measured. To
stabilize mode-locking against cw components and multi pulsing, spectral clipping
by means of a knife edge (moved into the beampath between the two prisms, see
figure 5.6) was necessary. This stabilization is obtained at the expense of the output
power, decreasing by about 60 %, as compared to the laser without spectral clipping.
The spectral clipping furthermore affected the bandwidth and hence pulse duration.
Figure 5.27 shows the semilogarithmic autocorrelation and corresponding optical
spectrum of 95 fs pulses obtained with the graphene-SA, using the Ti:sapphire laser
as pump source. The optical spectrum shown in the inset is centered at 1047 nm
and shows an additional small peak at around 1070 nm, whereas the latter is not
influenced by spectral clipping and persists in the optical spectrum. Despite the
additional spectral peak, the autocorrelation is well fit by the ACF of a sech2 pulse
and yields a similar quality (down to an ACF intensity of ca. 0.7 ·10−3) as the diode
laser pumped result (figure 5.26). Spectral clipping was essential for operation in
this mode, but his measure decreased the spectral bandwidth and increased the
pulse duration by about 16 nm and 10 fs, respectively. Laser operation with very
broad spectral bandwidth of 28 nm yield a non-soliton-like optical spectrum and a
large TBP between 0.46 and 0.66. By slightly changing the spectral clipping, the
bandwidth is reduced to 12.3 nm, yielding a TBP of 0.319, which is close to the
theoretical limit for sech2-shaped pulses. This operation mode is very sensitive and
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fragile, and due to the disproportional number of obstacles, further studies of the
graphene-SA mode-locked, Ti:sapphire laser pumped Yb:KLuW were not performed.
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Figure 5.27: Measured autocorrelation (dots) of the graphene-SA mode-locked Yb:KLuW
laser. The fit to the data (red solid line) assumes a sech2 pulse shape. A Ti:sapphire
laser was used as pump source. The corresponding optical spectrum (inset) shows a local
maximum at 1075 nm, even if spectral clipping is applied (see explanation in the text).
Further laser parameters obtained in this work are listed in table 5.8.
As graphene’s saturation fluence is approximately 50 µJ
cm2
(table 5.2 in section
5.1.4), the saturation parameter of the graphene-SA operated in the Yb:KLuW
laser is in the order of 1.2-1.7. The analysis of the laser results with respect to the
Q-switching stability introduced in chapter 4.5.1 is presented in figure 5.31 at the
end of section 5.5.2.
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1047
160 47 92.5 1 85
LD [166] 
203 160 92.5 5 60
1040 84 45 92.5 1 80 Ti:Sa - 
Table 5.8: The main laser parameters of the graphene-SA mode-locked Yb:KLuW laser
under study in this work. Ti:Sa indicates pumping with a Ti:sapphire laser, LD using a
laser diode as pump source. A beam waist radius of 90 µm is assumed between mirrors M3
and M4 in the additional folding [figure 5.6(b)]4. The saturation parameter computes to
a value of 1.2-1.7, therefore no replacement of the SA is necessary to avoid pulse-breakup
(section 4.5.2).
5.5.2 Chromium-doped lasers
The chromium YAG laser presented in section 5.4.2 has shown a good performance
mode-locked using SWCNT-SAs. This performance motivated the operation of
graphene as passive mode-locker in this laser.
The graphene sample was incorporated at the same position as the SWCNT-
SA. After alignment the laser already showed the tendency of a modulated output,
however, it did not enter the mode-locked regime by itself, yet a small perturbation
was sufficient to start mode-locking. Once the laser was well aligned, it was self-
starting in some cases.
During the first attempts of mode-locking with SWCNT and graphene-SAs, purg-
ing the cavity housing was essential for stabilization of the mode-locked operation.
Notably, the laser was mode-locked and operated stable even without purging of the
cavity housing in the subsequent experiments (using either SWCNT-SAs or graphene
SAs). The explanation is given in section 5.4.2 on page 85. The Cr:YAG laser was
analyzed using SHG FROG according to [205], and figure 5.28 shows the measured
(a) and retrieved (b) FROG trace, respectively. The slight asymmetry of the mea-
sured FROG signal may be ascribed to temporal changes in the measured pulses
during the measurement which took about 2 minutes. Furthermore, two different
spectrum analyzers were used to measure the fundamental (APE Wavescan, not
calibrated) and the second harmonic (Andor Newton) wave. However, the temporal
drift is estimated less critical as it was possible to reproduce FROG-measurements
several times until re-alignment of the laser was necessary.
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Figure 5.28: Measured (a) and retrieved (b) FROG-traces of the graphene-SA mode-
locked Cr:YAG laser. Retrieval on a 1024× 1024 grid, a FROG error of 0.0013 is obtained.
The original FROG-trace features spectral modulations that are Fourier filtered
to obtain the DC part, i.e., the intensity FROG trace. This SHG intensity FROG-
trace was fed into the commercial retrieval program [118], and using a 1024 x 1024
pixel grid size, the smallest FROG error obtainable was 0.0013.
The FROG-retrieval extracted a pulse duration of the E-field envelope of 72 fs
which is plotted in figure 5.29(a) together with the temporal phase. The retrieved
optical spectrum, the measured optical spectrum and the spectral phase are shown
in figure 5.29(b). The retrieved spectrum had a FWHM of ≈ 41 nm, whereas the
measured spectrum encompasses 36.5 nm. This discrepancy is unusual, as a narrower
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Figure 5.29: (a) The retrieved electric field envelope (black) and the according temporal
phase (red) of the graphene-SA mode-locked Cr:YAG laser. (b) The measured (black) and
retrieved (green) optical spectrum. The spectral phase is plotted in red, 2nd y-axis. Figure
published in [168].
retrieved spectrum seems more probable (e.g., due to spectral clipping in the SHG
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process because of imperfect phase-matching over the whole spectral bandwidth).
However, the retrieved spectra are systematically broader than the measured ones.
The source of this systematic error is not ultimately located yet, but the ob-
served phenomenon is probably due to the use of two different spectrometers for the
fundamental- and SHG spectrum (the λ2-correction is implemented in the spectrom-
eter and FROG software). Especially the spectrum analyzer used for the fundamen-
tal wavelength range seems to be responsible for this error, as it was operated at the
end of its detection range (1.6 µm) and seems to suffer from improper calibration
(baseline is bent upwards).
The FROG technique allows for consistency checks of the measurements [180],
namely the frequency marginal, which is simply speaking the SHG-intensity-FROG-
trace integrated over time. The frequency marginal of this measurement is shown in
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Figure 5.30: Frequency marginal of the graphene-SA mode-locked Cr:YAG laser. The
frequency marginal from the measured FROG trace [figure 5.28(a)] given by the red squares
and line coincides with the frequency marginal from the retrieved FROG trace [figure
5.28(b)] plotted in green. The experimental frequency marginal (black) is narrower due
to the spectrometer used (see text).
figure 5.30. The marginals calculated from the measured and retrieved FROG trace
agree nicely with each other, whereas the discrepancy in spectral bandwidth is clearly
reflected in the frequency marginal calculated from the original optical spectrum.
The latter frequency marginal corresponds to the SHG spectrum calculated from
the fundamental spectrum. The central wavelengths agree very well, but because
of the above mentioned obstacles due to the spectrometer for the 1.5 µm range, the
measured bandwidths do not agree with each other.
Calculating the time bandwidth product using the FWHM of the optical spec-
trum of 41 nm (36.5 nm), a value of 0.388 (0.343) is obtained for the time-bandwidth
product. Hence the obtained pulses are approximately 23% (9%) longer than the
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Cr:forsterite 1240 94 230 74.6 5 40 515 6.5 [100]
Cr:YAG 1516
91 107
85 2 80
130 0 [168] 
72 90 110 0 - 
Table 5.9: Results of the graphene-SA mode-locked chromium lasers. The Cr:forsterite
laser was operated at the Ajou University in Suwon, South Korea, and listed for comparison
as it was operated with the same graphene-SA.
Fourier limited pulse duration of 58 fs (66 fs). The potential for shorter pulse du-
rations has been shown in section 5.4.2 and the time-bandwidth product indicates
that further pulse shortening may be possible. Dispersion compensation inside the
cavity is one aspect for optimization of a laser towards shortest pulses. The dis-
persion present in the pulse can be extracted from the spectral phase plot. The
procedure to determine the second order dispersion is presented in section 5.4.2
on page 85. Here a residual quadratic chirp of approximately −520 fs2 is found.
This value includes the GVD due to the output coupler material, i.e., about 5 mm
fused silica, introducing approximately -150 fs2 and the material dispersion of the
beam-splitter of the FROG apparatus. The value of approximately -350 fs2 confirms
the soliton-like operation of the Cr:YAG laser in the net negative dispersion regime
[189, 192, 206]. Addidionally, this value has the same order of magnitude as the
SWCNT-SA mode-locked Cr:YAG laser (section 5.4.2), but unfortunately the laser
was too sensitive against realignment of the cavity during operation. Therefore a
systematic study of the obtainable pulse duration with respect to the amount of
intracavity dispersion was not realizable.
With the measured saturation fluence of the graphene-SA around 1.25 and 1.50 µm
of approximately 14 µJ
cm2
(table 5.2), the saturation parameter of the SA calculates to
be about 9 for the Cr:YAG laser, being uncritical for the occurence of pulse-breakup
(section 4.5.2). In case of the Cr:forsterite laser, a displacement of the graphene-SA
of only 6.5 mm is sufficient to reduce the saturation parameter from above 30 down
to 10.
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Similar to the SWCNT-SA mode-locking results, the stability of the graphene-
SA mode-locked lasers against Q-switching is assessed according to section 4.5.1.
Figure 5.31 plots the critical pulse energy of equation (4.26) as function of the QML
parameter (solid line) and the pulse energies of the laser results obtained. For the
sake of completeness, the Cr:forsterite laser results from reference [100] are given as
well. Data plotted as line and scatter show the resulting pulse energy as function
of a range of βQML, because the calculation is based on a range of the laser beam
waist on the SA.
unstable
stable
Figure 5.31: Stability of cw mode-locking against Q-switching for the graphene SA mode-
locked Yb- and Cr-lasers. The solid curve represents the critical pulse energy vs. QML
parameter according to equation (4.26). The pulse energies obtained for the different laser
types (symbols) are larger than the calculated critical pulse energy, indicating stable cw
mode-locked operation.
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5.6 Discussion of nanostructure-SA mode-locked
laser results
5.6.1 General remarks
SWCNT-SAs and graphene yield an intrinsically fast relaxation time τeff, and in
order to be suitable for bulk laser mode-locking, they were tailored to show a low
modulation depth ∆R, a low saturation fluence Fsat and low non-linear losses lnl.
These SA parameters are listed in table 5.1 and 5.2. Although being related to each
other, SAs based on graphene and SWCNTs show some general differences.
1. The absorption of graphene is fixed to ≈2.3 %. Higher values may be tailored
by use of multiple graphene layers (section 3.4), actually resulting in graphite
samples (graphene’s properties merge into those of graphite). Deviations in
the uniform absorption to smaller values indicate a fill-factor smaller than 1
(i.e., ’holes’ may be found in the graphene layer). A higher absorption per
layer corroborates large scattering losses due to inferior sample quality.
2. The intrinsic (theoretical) upper limit for the modulation depth is given by
the graphene absorption of 2.3 %. Measured modulation depths listed in table
5.2 show, that nearly 80 % of the absorption may be saturated, however, ∆T
denotes a decrease with increasing wavelength, i.e., energetically closer to the
K-point, the modulation depth becomes smaller. This may be explained by a
non-zero Fermi level (figure 2.2).
3. The saturation fluence of graphene-SAs used in this work is higher than for
SWCNT-SAs3. As the cc-scattering times of both nanostructures are similar
(section 3.2), it is supposed, that the fill-factor of the SWCNT-SA is the
reason for the lower saturation fluence. As conceivable from SEM and TEM
measurements (figure 2.13), the fill factor of the samples under study is clearly
below 1, i.e., the number of available electronic states per area is lower than
for graphene4, saturating already with lower incident fluence.
4. From table 5.1 it becomes clear, that graphene and SWCNTs yield comparable
recovery times. However, with increasing wavelengths, i.e., approaching the
K-point of graphene, the integral weight of the slow time constant increases.
This is explained by the fact that fast cc-scattering becomes less efficient in
the vicinity of the K-point (section 5.1.3, reference [171]).
3 With SWCNT-SAs applied for fiber lasers, saturation fluences of up to 320 and 1000 µJcm2 were
reported for wavelengths of 1.56 and 1.05 µm, respectively [175]
4 The DOS of graphene and SWCNTs are only comparable for given energy values. However,
due to the presence of a large number of different SWCNTs in the sample, the averaged DOS
of SWCNTs is comparable to the one for graphene (see e.g., figure 3 in reference [207])
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5.6.2 Soliton-like mode-locking
For assessment of the mode-locking mechanism underlying the lasers in this work, the
soliton condition (equation (4.23) on page 52) is evaluated. Therefore, several laser
and material parameters need to be known or estimated to the best of knowledge.
Table 5.10 lists these parameters and estimations for the lasers operating in the
four spectral regions. For the peak intensity I0, the formula
I0 =
2
A(w)
· Ppeak ≈ 2
pi · w2 · 0.88 ·
1
τp
· Ep︸ ︷︷ ︸
≈Ppeak
≈ 2
pi · w2 · 0.88 ·
1
τp
· Pavg
frep︸︷︷︸
=Ep
(5.6)
is applied. The left-hand side (lhs) of equation (4.23) thus depends on the laser
wavelength λ, the nonlinear refractive index n2, the beam waist radius in the laser
medium w, the FWHM pulse duration τp, the average intracavity power Pavg, and
the laser repetition rate frep. The right-hand side (rhs) of equation (4.23) depends
on the calculation of the prism round-trip GDD (section 4.2.2), corrected by the
round-trip GDD introduced by the active laser medium (section 4.2.1), and the
pulse duration.
The integral in the lhs of equation (4.23) considers Gaussian propagation in the
crystal. For small crystal thicknesses (few millimeters), it may be approximated
by the multiplication of n2 and the crystal length, but for thicker crystal, e.g., the
Cr:YAG laser crystal, this approximation is not valid any longer.
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Yb:KLuW 1048 8.7 30 115 3 89 - 1620 0.60 0.12
Cr:YAG 1500 3.85 24 & 37~ 48 3.35 85 -850 ≈ 1.31⊗ 0.37
Tm:KLuW 2037 8.7 33 141 13.25 88 -2720 0.88 0.14
Tm:Lu2O3 2070 5.8 33 175 9.0
‡ 88 -1280 0.318 0.042
Table 5.10: Parameters for assessment of the soliton condition for the lasers under
study.  averaged value determined by references [208], [209], and [210]; ~ Lengths of
the main axes of the elliptical beam; ⊗ Depending on the resonator geometry and crystal
displacement, the beam waist is not centered in the laser crystal, this calculation was
performed for zero displacement, table 5.6.2 assesses crystal displacement; ‡ The OCs are
specified from 1850 up to 2050 nm. At 2070 nm the OC transmission already increased to
0.4% according to the suppliers transmission measurement.
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Table 5.10 lists the parameters used for assessment of the soliton condition, i.e., by
comparing the lhs and rhs of equation (4.23). The beam waist radius w and the
round-trip GDD β2 are calculated ideal values, which may differ from values present
in the laser cavity.
From the table it is discernible that the lhs and rhs of equation (4.23) differ by
about a factor of 5 for the four lasers. This fact actually would disprove the presence
of solitons, although the other means of laser characterization (ACF, RF and optical
spectrum), indicate clean soliton mode-locking. Actually, some parameters are not
well known and an exemplary model calculation for the Cr:YAG laser will assess
possible reasons for this discrepancy.
The nonlinear refractive index n2 may be estimated from the YAG band gap,
which is found in literature with values of 6.73 and 6.5 eV [208, 209], and used to
determine n2 via a Kramer-Kronig relation presented in [210]. This results in an n2
of 3.6 and 4.1·10−20 m2W−1, whereas an average value of n2 = 3.85·10−20 m2W−1 is
assumed for calculation.
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Figure 5.32: Beam waist radii in the Cr:YAG crys-
tal for different crystal displacements and for the sagit-
tal and tangential plane in the upper and lower panel,
respectively. The tangential beam waist radius remains
constant but its position depends on the crystal displace-
ment, whereas the sagittal beam waist is not located in
the crystal for some displacements. In this case the beam
waist radius may be described by a linear function.
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The beam waist radius w inside the active laser medium is described by Gaus-
sian propagation and changes significantly with crystal displacement. Figure 5.32
shows exemplary the beam waist in the Cr:YAG crystal for the sagittal and tan-
gential plane for three individual crystal positions. Table 5.6.2 lists the lhs of the
soliton condition for 10 different displacements of the crystal, and shows that a dis-
placement of approximately 4 mm is sufficient to explain the discrepancy. Similar
considerations were made on the other laser results, summarized in table 5.12. The
table indicates that the soliton condition is fulfilled by a minor change in the cavity
set-up, whereas such changes are realistic in laser operation.
Laser lh
s
eq
.
(4
.2
3
),
id
ea
l
g
eo
m
et
ry
rh
s
eq
.
(4
.2
3
)
C
ry
st
a
l
d
is
p
la
ce
m
en
t
∆
z
(m
m
)
N
ew
lh
s
a
ft
er
v
a
ri
a
ti
o
n
N
ew
rh
s
a
ft
er
v
a
ri
a
ti
o
n
Comment
Yb:KLuW 0.60 0.12 2 mm 0.16 0.12 The crystal translation is actu-
ally used for laser alignment and
this displacement is realistic.
Cr:YAG ≈ 1.31 0.37 3.5 mm 0.38 0.37 If ∆GDD=-300 fs2 ~ is assumed
in combination, ∆z for equality
lhs=rhs is 2.5 mm, which is real-
istic.
Tm:KLuW 0.88 0.14 2 mm 0.15 0.14 The crystal translation is actu-
ally used for laser alignment and
this displacement is realistic.
Tm:Lu2O3 0.318 0.042 2 mm 0.053 0.042 The crystal translation is actu-
ally used for laser alignment and
this displacement is realistic.
Table 5.12: Assessment of the soliton condition incorporating a laser crystal displace-
ment. ~ This change in GDD corresponds to a prism insertion of 1 mm, instead of 2 mm.
5.6.3 Relevance of the SA’s and material parameters
Significance of the integral weight of τ2
The self-starting behavior of the SWCNT-SA mode-locked lasers is inferior compared
to the usage of SESAMs. The latter yield a dominant slow relaxation time constant
τ2 of several picoseconds, which is beneficial for self-starting [174]. As presented in
table 5.1, and apparent from figure 5.4, in contrast to SESAMs, the relaxation times
of SWCNT-SAs are dominated by the fast relaxation time constant τ1.
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The integral weight wτ2,SESAM of a classical SESAM is close to 100 %, indicating
that the relaxation process in the SESAM is governed by the slow relaxation com-
ponent. In the SWCNT-SAs the integral weight wτ2,SWCNT is in the order of 70 %.
The difference for self-starting may be pictured as follows. With a dominating slow
relaxation component, an initial perturbation from the noise may saturate the SA
to a certain extend. The reduced loss due to this saturation represents a net gain
window that allows the growth and amplification of further intensity fluctuations. If
the fast time constant relaxes the absorber too quickly, the recovered SA attenuates
the intensity fluctuations following the first event. Consequently, the probability
decreases that a subsequently following intensity fluctuation experiences sufficient
gain to gather the energy necessary for saturation of the SA.
Due to the decreased influence of the slow relaxation component of SWCNT-SAs,
achieving self-starting with the lasers under study is not intrinsically facilitated and
demands for careful alignment. In case a laser under study is not self-starting, it
required only a small perturbation for initiation of the pulsed regime. Usually the
laser is sensitive enough that softly touching a mirror holder starts mode-locking.
Once started, laser operation was stable.
In general, the integral weight of the slow time constant (table 5.1) of the
graphene-SAs tends to be equal or even smaller than for SWCNT-SAs. This trend is
directly transfered to the self-starting behavior of graphene-SA mode-locked lasers.
It is challenging to find a self-starting configuration, but with proper cavity align-
ment without self-starting, a slight perturbation suffices to initiate mode-locking.
Significance of the low SWCNT-SA modulation depth
The designed SWCNT-SAs yield a very low modulation depth well below 1 %. This
low modulation depth is required for mode-locking of bulk lasers 5, and is addi-
tionally beneficial to suppress QML instabilities (section 4.5.1). It furthermore de-
creases the non-saturable losses in the cavity, as they scale with the modulation
depth. Although these low transmission changes are sufficient for discrimination
of mode-locking against cw operation, already minor changes of a laser parameter
may result in laser instabilities or in termination of mode-locking. Stable mode-
locked laser operation is therefore more fragile using SWCNT-SAs and modifying
laser parameters, e.g., during the attempt to measure the slope efficiency, demands
for careful attention.
5 In reference [211], a ∆Rmod = 37 % is used.
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Significance of the low SWCNT-SA saturation fluence
Similar to the designed low modulation depth, the low saturation fluence (<10 µJ
cm2
)
of the SWCNT-SAs decreases the critical pulse energy to suppress QML instabilities
(see figure 5.9 and the corresponding information in the text).
On the one hand, using a low Fsat SWCNT-SA results in reaching the mode-
locking threshold already at laser operation slightly above the lasing threshold, on
the other hand, a very low saturation fluence tends to be saturated with an 10 -
30 times lower incident fluence, compared to a graphene-SA or a typical SESAM
(yielding an Fsat ≈ 150 µJcm2 ). A possible over-saturation of the SWCNT-SA may be
easily avoided using SWCNT-SAs designed for operation in transmission, allowing
to move these elements along the cavity laser beam axis out of the beam waist of the
second folding between M3 and M4 (see figure 5.6), and subsequently reducing the
fluence on the SA. Considering, e.g., the Yb:KLuW laser with two spherical mirrors
of ROCM3=-100 and ROCM4=-50 mm, the beam waist in the folding calculates to
90 µm. As focusing follows Gaussian propagation, the absorber in transmission needs
to be translated by approximately 25 mm (in either direction along the laser beam
axis) in order to change the fluence on the SA by a factor of two..
In the Cr:YAG laser, strong spectral modulations and multiple pulsing occurred
for higher pump power PPump ' 4.26 W. Although reduction of the saturation
parameter to 10 (S≈ 22 for the SA positioned in the vicinity of the beam waist)
is possible by translating the SA 15 mm along the beam propagation, mode-locking
may not be stabilized for a higher incident fluence on the SA.
As denoted in section 5.1.2, TPA is not observed in the non-linear transmis-
sion measurements. Consequently, the SWCNT-SA transmission change does not
experience a roll-over and no damage occurs to the SWCNT-SA6.
Significance of the low non-saturable loss
The low non-saturable losses of SWCNT-SAs in the order of 1-2 %, are beneficial
for the overall laser performance and for the lasers self-starting behavior.
Increasing gain as well as decreasing losses are found conducive for self-starting
[174]. The latter may be observed directly in the Cr:YAG laser operating at a center
wavelength below 1.5 µm. In this operation mode, the laser is quite sensitive to a
disturbance of the purging. As soon, as the box is opened for alignment, instead
of a smooth optical spectrum, the laser shows a spectral output denoting random
6 A different process leading to damage of the SWCNT-SA in the Yb:KLuW laser is discussed
in section 5.4.1 on page 80.
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coherent interferences of the cw components present. In this case either the random
constructive interference of the cavity modes is not sufficient to push the laser out
of the noise, over an entropic barrier into the region of mode-locking [212], or the
mode-locked pulse is not stable enough to be maintained inside the cavity. Also
with time, the laser does not cross the barrier on its own. Closing the box without
further touching the cavity, the former fills with dry nitrogen, replaces the ambient
air and continuously decreases the water vapor absorption. After a limited purging
time the laser self-starts from the ’noisy’ fluctuating cw components and remains
stably mode-locked.
Significance of the SA’s saturation parameter
The fluences given in tables 5.4.1, 5.5, 5.6 and 5.7 for the SWCNT-SA mode-locked
lasers, as well as tables 5.8 and 5.9 for the graphene-SA mode-locked lasers, in
combination with the measured saturation fluences (table 5.2), allow to assess the
SA’s saturation parameter S. The values of S are listed in table 5.13 for comparison
of the laser results.
Laser active ion
(λ region)
Saturation parameter
S of the corresponding
SWCNT-SA mode-
locked laser
Saturation parameter
S of the corresponding
graphene-SA mode-
locked laser
Yb3+ (1.0 µm) 5-10 (30†) 1.2-1.7
Cr4+ (1.3 µm) 35-70‡ 35‡
Cr4+ (1.5 µm) 10-22 8-9
Tm3+ (2.0 µm) 21-35 no ml with available samples
Table 5.13: Saturation parameters of the SWCNT and graphene-SA mode-locked lasers
of this work. † indicates values obtaineed with the HipCO SWCNT-SA operated around
1 µm, ‡ - The Cr:forsterite laser was operated at Ajou university Suwon, South Korea,
using the same SWCNT-SA samples. Values given for comparison.
The saturation parameter is widely comparable for the lasers under study. According
to reference [88], a value of S below 10 is favorable to avoid pulse-breakup. As the
SWCNT-SAs are designed for transmission, the oversaturation of the SA is avoided
in the lasers under study by means of translating the SA along the cavity beam axis
by several millimeters (values given in the according tables).
Using the graphene-SA, the saturation parameter is decreased due to graphene’s
higher modulation depth (table 5.2). In the spectral region around 1 µm, the
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graphene-SA is operated slightly above saturation. Figure 5.33 (taken from ref-
erence [136]) plots the loss difference between the double and single pulse solution
∆qS normalized to the modulation depth q0 as function of the saturation parameter
S. The optimum discrimination between the single and double pulse solution was
Sslow = EP / EA  or   Sfast =  PP / PA
Δ
q S
 / 
q 0
0.30
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010
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Figure 5.33: Discrimination of single pulses against double pulses as function of the
saturation parameter. A slow SA (dashed) saturates with pulse energy, whereas as fast
absorber (solid) saturates with pulse peak power. The ratio ∆qSq0 is the difference between
losses of the double puse solution and the single pulse solution normalized to the modulation
depth. Figure from reference [136].
found for a saturation parameter of 3 [136] and the plot indicates that values in the
order of 1 yield a lower single pulse discrimination than an 1 < S / 15. The values
for S given in table 5.13 actually denote the maximum saturation parameter, hence,
the saturation parameter is expected even smaller. Figure 5.33 explains the inferior
laser stability of the graphene-SA mode locked Yb:KLuW laser at 1040 and 1047 nm.
The saturation parameter for these two lasers is well below the optimum, leading to
a decreased discrimination against pulse-breakup. In the wavelength region around
1.3 µm, the graphene-SA needs to be moved out of the beam waist by 6.5 mm to
obtain S = 10, and the eight to ninefold saturation of the graphene-SA around
1.5 µm, yields a priori no tendency for pulse-breakup in the given configuration.
Effects of laser active material properties
Naturally, the properties of the laser active materials - composed of dopant and
host - play a major role for the mode-locking performance and stability. Cr4+-
doped YAG, for example, yields a larger emission cross section (and hence effective
gain cross section [213]) compared to Yb:KLuW ([108], section 5.4.1). This fact
is directly noticeable in the value of the QML parameter βQML, as Fsat,L ∝ σ−1em
(section 4.5.1). Because of a reduction of βQML by more than a factor of 2 and 9
for the Cr:YAG and Cr:forsterite laser, respectively, the critical pulse energy EP,crit
117
5.6 Discussion SWCNT-SA m-l results Discussion
is reduced by a factor of
√
2 and 3, respectively. The opposite trend is observed
with the Tm:KLuW and Tm:Lu2O3 when operated above 2 µm wavelength. The
decreasing emission cross sections of both active laser materials (see figures 5.16
and 5.21) lead to an increase in the QML parameter and critical pulse energy for
stable cw mode-locking without Q-switching instabilities. The latter increase was
not critical for the lasers under study, as lower output coupling led to an increased
pulse energy substantially larger than the critical value (see figure 5.23).
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Conclusion and Outlook
In this work, novel SAs based on SWCNTs and graphene have been investigated
and characterized. The design of SWCNT-SAs parameters like SWCNT concentra-
tion or SWCNT mean diameter allowed for realization of mode-locking in different
wavelength regions from 0.8 [103] to 2.1 µm [155], with sub-200 fs pulses obtained.
The broadband non-linear response of HipCO SWCNTs enabled quasi-continuous
mode-locking between 1.0 - 1.5 µm, demonstrated with three laser types operating
in this wavelength range mode-locked with one and the same SWCNT-SA. Further-
more, a single SWCNT-SA device was designed, operating between 0.8 and 2.1 µm.
In conclusion the main findings of this work are
• the first demonstration of an SWCNT-SA cw mode-locked bulk laser at 2 µm,
• the first sub-100 fs bulk laser pulses at 1 µm, with an SWCNT or graphene-SA,
• the shortest pulse durations (sub-50 & sub-100 fs) demonstrated for the combi-
nation of a bulk Cr:YAG laser at 1.5 µm and carbon nanostructure SAs based
on SWCNTs and graphene,respectively, and
• application of the same SWCNT-SA over a broad spectral range of 1.0 - 1.5 µm
as well as an octave-spanning operation from 1.0 to 2.1 µm.
Degenerate pump-probe spectroscopy and nonlinear transmission measurements
were used to extract the relaxation times, the nonsaturable losses, the modulation
depth and the saturation fluence of the SAs, showing, that
• For SWCNTs the fast relaxation time was measured to be on the order of 100
- 300 fs, whereas the slow relaxation time is on the order of 2 - 3 ps.
• For graphene the fast relaxation time was determined to be on the order of
100 fs as well and the slow relaxation time approximately 3.5 ps.
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• For graphene the integrated weighting of the slow time constant is equal or
smaller to those obtained for SWCNT-SAs, which corroborates the inferior
self-starting behavior compared to the SWCNT-SA mode-locked lasers.
• The non-saturable losses of the SWCNT and graphene-SAs amount to approx-
imately 1-2%, and modulation depths below 1% were measured.
• From NLT measurements, a saturation fluence of about 10 µJ
cm2
was extracted
for SWCNT-SAs, whereas the saturation fluence of the graphene-SAs is on
the order of 50 and 15 µJ
cm2
for wavelengths of 800 - 1040 nm and 1250 - 1500 nm,
respectively.
Although being critical, self-starting laser configurations may be found, and if
a configuration did not show self-starting, only a slight perturbation of the cav-
ity is sufficient to initiate mode-locking. Differences in the self-starting behavior
are observed between the laser types as well. The Yb-laser emitting at 1 µm is
hardly self-starting due to a low integral weight of the slow component of 72 %. At
1.5 µm(Cr:YAG), the laser shows an increased tendency for self-starting, which is
counter-intuitive at first sight, as the influence of the slow relaxation component
is smaller at this wavelength (66 %). The higher emission cross section of Cr:YAG
(about a factor of ten compared to Yb:KLuW, [213]) is assumed responsible for the
higher tendency to self-start.
The applicability of the graphene-SA did not fully match the expectations to-
wards its versatility, but applying the same graphene-SA resulted in mode-locked
operation at wavelengths between 1.0 and 1.5 µm. However, in general lasing was
less stable as compared to SWCNT-SA mode-locking, and to date it was not possible
at 2 µm with the samples available. Apart from this exception, all combinations of
lasers and nanostructure-SAs resulted in mode-locked operation with a laser perfor-
mance comparable to SESAM mode-locked results. The pulse durations were found
to be as short as 83 and 48 fs for the Yb3+- and Cr4+- lasers, respectively. For the
Tm3+-laser a pulse duration down to 141 fs was achieved.
In conclusion, this thesis shows that carbon nanostructure based SAs are well
suited to mode-lock solid-state bulk lasers. SAs based on SWCNTs or graphene,
have become a match to SESAMS and regarding the improvements of the last years,
carbon-based nanostructure SAs may soon become a serious competitor to SESAMs.
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6.1 Outlook
By now, certain obstacles prevent an unproblematic replacement of SESAMs by
SWCNT or graphene-SAs. SWCNTs yield an elevated damage threshold as com-
pared to semiconductors. Unfortunately the embedding polymer matrix does not
feature the same damage threshold under tight focusing. The transmissive nature
of the SAs used, however, allows to avoid this damage by moving the SA out of the
cavity beam waist. The increase of the carbon nanostructure-SA damage threshold
is one goal for future research in this field.
As discussed in section 5.6, Carbon nanostructure-SA mode-locked lasers may
need cavity modification, e.g., by smaller radii of curvature of the folding mirrors
(M3 and M4 in figure 5.6) to obtain a more stable laser operation with decreased
tendency to multi-pulsing (cp. section 5.6). With tighter focusing, however, the
before mentioned damage threshold of the polymer matrix represents the limiting
parameter. For this reason, the direct and permanent transfer of SWCNTs on a
glass substrate would be a very attractive means to overcome this issue.
An intriguing feature for SWCNT-SAs may be the variation of their absorption
due to the inherent polarization dependence of the SWCNT absorption. Light po-
larized perpendicular to the tube is hardly absorbed, whereas polarization along
the tube axis yields the maximum absorption per SWCNT. Samples incorporating
aligned SWCNTs may be variable in their absorption by rotating the element. How-
ever, so far the directed growth has only been shown for individual SWCNTs and
for arrays of multiwalled CNTs [214, 215]. Such a variable absorption may represent
another laser parameter for optimization.
Consequently, future works may focus on different ways of nanostructure-SA
implementation in the lasers under study. Using evanescent field absorption repre-
sents one way, which is currently paved for the generation of ultrashort pulses with
elevated output power levels.
Due to the combination of usable nonlinearities of one single absorber covering
a spectral range of more than one octave, and the design in transmission, the syn-
chronization of two lasers with one single nanostructure-SA should be possible. For
this purpose, the cavity beam paths need to cross in the position of the SA, and the
optical cavity lengths have to be identical.
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Abbreviations and symbols
ACF . . . . . . . . . . . . . . . . autocorrelation function
AOM . . . . . . . . . . . . . . . acousto-optic modulator
AR . . . . . . . . . . . . . . . . . Auger recombination
cap-scattering . . . . . . . Carrier-acoustic phonon scattering
cc-scattering . . . . . . . . Carrier-carrier scattering
cop-scattering . . . . . . . Carrier-optical phonon scattering
CR . . . . . . . . . . . . . . . . . Coulomb renormalization
cw . . . . . . . . . . . . . . . . . . continous wave
DOS . . . . . . . . . . . . . . . . density of states
double tungstate . . . . DT
FROG . . . . . . . . . . . . . . frequency resolved optical gating
FWHM . . . . . . . . . . . . . full width at half maximum
GD . . . . . . . . . . . . . . . . . group delay
GDD . . . . . . . . . . . . . . . . group delay dispersion
GVD . . . . . . . . . . . . . . . . group velocity dispersion
HEM . . . . . . . . . . . . . . . heat exchanger method
HipCO . . . . . . . . . . . . . . high pressure carbon monoxide assisted
HWHM . . . . . . . . . . . . . half width half maximum
IE . . . . . . . . . . . . . . . . . . Impact excitation
IE . . . . . . . . . . . . . . . . . . impact excitation
lhs . . . . . . . . . . . . . . . . . . left-hand side
NIR . . . . . . . . . . . . . . . . . near-infrared
NLT . . . . . . . . . . . . . . . . nonlinear transmission
OC . . . . . . . . . . . . . . . . . output coupler
OPO . . . . . . . . . . . . . . . . optical parametric oscillator
QML . . . . . . . . . . . . . . . Q-switched mode-locking
RBM . . . . . . . . . . . . . . . radial breathing mode
RF . . . . . . . . . . . . . . . . . . radio frequency
rhs . . . . . . . . . . . . . . . . . . right-hand side
SA . . . . . . . . . . . . . . . . . . Saturable absorber
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SHG . . . . . . . . . . . . . . . . second harmonic generation
SPM . . . . . . . . . . . . . . . . self phase modulation
SVEA . . . . . . . . . . . . . . . slowly varying envelope approximation
SWCNT . . . . . . . . . . . . single-walled carbon nanotube
SWCNTs . . . . . . . . . . . Single-walled carbon nanotubes
TBP . . . . . . . . . . . . . . . . time-bandwidth-product
TOD . . . . . . . . . . . . . . . . third order dispersion
TPA . . . . . . . . . . . . . . . . Two photon absorption
TPA . . . . . . . . . . . . . . . . two photon absorption
ttt-distance . . . . . . . . . tip-to-tip distance
UV . . . . . . . . . . . . . . . . . ultraviolet
vHs . . . . . . . . . . . . . . . . . van Hove singularity
vHs . . . . . . . . . . . . . . . . . van Hove singularity
YAG . . . . . . . . . . . . . . . . yttrium aluminium garnet
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